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Background 

Flight  tests  of  the  Intermittent  Positive  Control  (IPC)  system  have 
examined  the  performance  of  an  automated  collision  avoidance  system  in  a 
realistic  flying  environment.  These  tests  were  conducted  for  the  Federal 
Aviation  Administration  at  the  M.I.T.  Lincoln  Laboratory  using  an  experimental 
DABS  sensor  for  surveillance  and  data  link,  and  using  IPC  computer  algorithms 
provided  by  the  MITRE/METREK  Corporation.  The  tests  had  two  principal  objec- 
tives: 1)  to  characterize  the  performance  of  the  IPC  computer  algorithms,  and 
2)  to  determine  the  manner  in  which  pilots  are  able  to  utilize  the  services 
provided  by  the  IPC  system.  The  test  program  was  organized  in  a manner  that 
permitted  design  Iterations  to  proceed  during  testing:  Test  results  were 
reported  to  an  IPC  Engineering  Coordination  Group  and  algorithm  modifications 
originating  within  that  group  as  a result  cf  test  findings  were  returned  to 
Lincoln  Laboratory  for  testing. 

This  summary  serves  as  a brief  statement  of  test  results,  conclusions, 
and  recommendations.  Detail  in  support  of  this  summary  is  contained  in  the 
body  of  the  report  and  in  its  appendices. 

Algorithm  Validation 

Algorithm  validation  testing  sought  to  characterize  the  ability  of  the 
IPC  algorithm  to  issue  commands  which  assured  safe  separation  between  aircraft. 
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The  behavior  of  Che  IPC  system  was  compared  to  die  qualitative  descriptions  of 
IPC.  These  descriptions  have  been  published  in  the  form  of  standard  encounters 
in  which  threat  development  and  pilot  responses  follow  prescribed  patterns. 

The  principal  characteristics  of  these  nominal  encounters  are  that  they  in- 
volve two  aircraft  with  similar  speeds,  both  equipped  for  and  fully  responsive 
to  IPC  commands,  with  neither  accelerating  as  the  conflict  develops.  Flight 
test  results  indicate  that  for  such  nominal  encounters  IPC  consistently  detects 
and  resolves  the  presented  collision  hazard.  The  only  significant  safety 
problem  with  regard  to  nominal  encounters  was  a tendency  for  some  encounters 
to  terminate  in  a potential  hazard  in  which  a return-to-course  executed  to 
recover  the  original  heading  could  have  precipitated  a sfcond  collision  hazard 
worse  than  the  original. 

Non-nominal  encounters  are  those  which  violate  one  or  more  of  the  standard 
conditions.  They  may  involve  aircraft  of  greatly  dissimilar  speeds,  accelera- 
tion during  conflict  development,  one  aircraft  unequipped,  etc.  Flight  tests 
indicated  that  for  non-nominal  encounters,  IPC  performance  could  be  very 
inconsistent.  Collision  avoidance  commands  could  be  late,  ineffective,  or 
even  detrimental  to  safety.  Particular  difficulties  were  observed  in  accele- 
rating encounters  in  which  the  rapidly  changing  geometry  of  the  conflict  often 
resulted  in  the  system  issuing  commands  which  decreased  rather  than  Increased 
separation.  Since  pilots  are  typically  not  aware  of  the  encounter  attributes 
which  produce  resolution  difficulties  (e.g.,  the  other  aircraft  unequipped, 
uncommanded,  or  in  a pre-existing  maneuver),  pilot  confidence  in  the  overall 
system  can  easily  be  undermined  by  flying  a non-nominal  encounter  and 
observing  the  resulting  IPC-generated  commands. 


2 


A detailed  analysis  of  Che  conflict  avoidance  logic  has  revealed  that 
there  are  several  basic  and  interrelated  causes  for  the  observed  limitations 
of  IPC  effectiveness.  Among  the  significant  conclusions  are  the  following: 

The  IPC  logic  does  not  properly  analyze  aircraft  trajectories  in  a 

way  that  considers  all  factors  critical  to  making  correct  resolution 

decisions . 

Excessive  or  counterproductive  turns  often  result  from  the  lack  of 
uplinking  computed  turn  magnitudes  (currently  turns  are  continued 
as  long  as  the  tracked  collision  parameters  exceed  detection 
thresholds) . 

The  inability  to  resolve  accelerating  encounters  results  principally 
from  the  attempt  to  achieve  a lower  system  alarm  rate  by  deferring 
action  until  a time-critical  collision  hazard  is  confirmed  by 
tracking. 

Some  of  the  performance  limitations  are  due  to  limitations  imposed  by  the 

system  concept,  while  others  are  associated  with  the  specific  algorithm  imple- 

mentation. None  of  the  observed  major  problems  is  likely  to  be  resolved  by 
modifying  a single  section  of  the  algorithm  or  by  varying  algorithm  parameters 
within  the  constraints  of  the  existing  logic.  The  algorithm  and  system 
concept  must  be  altered  in  a fundamental  manner  (see  following  recommendations). 
Subject  Pilot  Test  Results 

The  PWI  service  of  IPC  was  favorably  received  by  subject  pilots  as  an  aid 
to  VFR  flight.  Analysis  of  test  data  revealed  that  use  of  PWI  resulted  in  a 
marked  improvement  in  the  ability  of  pilots  to  visually  acquire  approaching 
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threats.  There  appear  to  be  no  major  logic  issues  concerniug  IWI,  although  a 


r 


need  for  augmenting  information  given  to  aid  pilots  in  avoiding  blunders 
in  the  period  before  visual  acquisition  is  indicated. 

It  became  apparent  early  in  the  subject  pilot  testing  that  a complete 
assessment  of  pilot  response  to  TPC  commands  required  an  understanding  of  how 
pilots  who  were  uninfluenced  by  commands  resolved  conflicts  by  purely  visual 

I means.  For  this  reason  a small  subset  of  the  pilots  was  randomly  selected 

I to  participate  in  an  exercise  during  which  PWI  was  provided  for  aiding  visual 

j acquisition,  but  commands  were  not  provided.  In  these  PWI-only  tests  the 

! 

[ ■ pilots  were  instructed  to  take  evasive  actions  only  when  they  felt  the  sltua- 

f ^ 

' tlon  warranted.  The  most  significant  findings  of  these  experiments  involves 

the  dependence  of  perceived  urgency  and  threat  level  upon  the  visual  evaluation 
capability  at  a given  time.  After  visual  evaluation,  pilots  typically  approuclied 
similar  general  aviation  aircraft  far  closer  than  any  radar-based  system  could 
permit  without  alarm  (less  than  200  feet  vertically  and  less  than  1500  feet 
horizontally).  Such  proximity  is  accepted  because  as  the  aircraft  approach 
closer,  the  pilot  Is  better  able  to  discern  any  existing  components  of  miss 
and  to  choose  suitable  maneuvers  if  required.  Visually  motivated  maneuvers 
were  apparently  undertaken  to  place  aircraft  on  non-collision  courses  and/or 
to  allow  maintenance  of  visual  contact.  No  effort  to  achieve  a predeterminod 

I 

1 conservative  separation  was  evident. 

4 

t In  contrast  with  the  results  observed  when  an  adequate  visual  evaluation 

1 had  been  achieved,  a tendency  for  early  reaction  was  exhibited  by  the  same 

pilots  in  encounters  with  little  or  no  visual  information.  Pilots  with  PWI 
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liul  ic.it  Ions  in  visii.illy  obst  rue  toil  sectors  tciuloil  to  manouvor  so  as  to  locate 
tile  t lul  li-.it  cil  tr.it't'ic,  or,  lt‘  I’Wl's  perslsleil  wltlunit  visu.il  ac.(|iiisll  Ion  ocenr- 
rinn,  ti’  execute  .ivolilance  m.ineuvers  b.iseii  upon  the  I’Wl  lnlorm.it  Ion.  Thus,  It 
c.in  he  Interreil  tliat  plli>ts  without  visual  inlormatlon  .uieiinate  for  their  own 
ev.ilu.it  ion  ol  th«'  situ.itlon  .ire  likely  to  he  most  receptive  to  su^^^est  Ions  or 
.iJvlci'  on  conlllct  resolution.  Conversely,  pilots  who  are  permllteil  to 
.ippro.u'h  within  the  ilom.iin  of  see-.iiui-.-ivo  id  will  uiuhuihted  1 v he  reluctant  to 
m.iki'  m.i|i>r  I'oncess li'ns  to  .in  autom.iteii  system. 

Thesi'  insi^liLs  Into  visual  avoidance  behavior  were  reinforced  by  pilot 
re.ict  ions  to  the  ll’C  system  commands.  I'osltlve  comm.inds  y.eiier.ited  .liter  pilots 
h.ul  .icipiirt'd  .ideipi.ite  visual  Information  were  ofti'ii  unfavor.ihly  received,  either 
hec.iuse  ihev  were  viewed  as  unsafe  (e.^..  In  wrony,  direction  or  eliminated 
visual  Clint. ict)  or  were  cle.irly  unnecessary,  ihi  the  other  hand,  pilots  were 
yener.illv  receptive  to  comm.inds  which  c.ime  prior  to  visu.il  acipi  is  1 1 iiui . 

It  w.is  illscovered  th.it  the  Ireipiency  iil  commands  is  not  the  decisive 
f.ictor  in  iletermlnlny  the  extent  to  which  tlu'  pilot  leels  Imposed  upi’ii  by  the 
system.  01  re.i  1 Import. nice  are  the  m.iynltudes  ol  the  renuired  perturbations 
to  the  flight  p.ith  and  the  peak  workload  Induced  by  compliance  and  recoverv. 
Negative  commands  were  radically  vllfferent  from  positive  commaiuls  in  this 
regard  - normally  they  reduced  the  level  of  stress  In  the  cockpit  and  did  not 
reipilre  the  pilot  to  modify  his  desired  flight  path. 

Cone lus ions 

The  observed  beni'flts  of  I'Wl  service  .ind  the  success  ol  the  I I'C  svstem 
in  consistently  resolving  certain  types  of  ci'lllslon  tiireats  Indicate  tli.it 
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^’.riHiiul  basi'il  ci'lllsion  avolilauoe  iislan  tho  DABS  surve  1 1 l<»nce  and  daLa  link 
is  coni'i'ptnal  ly  aiul  teclinlcallv  I'oaslbU'.  But  in  order  to  acliieve  an  accept- 
able system  design,  tlie  el‘ I ec  t Iveness  of  the  ll’C  resolution  logic  must  be 
extendi'd  to  cover  a wider  range  of  encounter  situations  and  the  system  must 
he  made  nu>re  compatilile  with  the  objectives  and  practices  of  its  users. 

(a'ftain  conclusions  wlilch  are  suggested  by  fliglit  test  experience  run  counter 
ti'  the  conventional  philosophy  of  collision  avoidance  system  design.  It  is 
cone  lulled,  for  Inst.ince,  that 

It  is  not  possible  to  design  a reliable  collision  avoidance  system 
which  applies  control  i>nly  after  an  Imminent  collision  h.i^t.ird  is 
conliriiK'd  - .tt  such  .i  point  the  situation  is  often  beyond  control, 

.Abrupt  assumption  of  control  in  the  fin.tl  seconds  before  closest 
.ipi'fo.icli  is  incompatible  with  the  training  aitd  temperment  of  pilots. 

The  later  control  is  activated,  the  nu're  likely  are  pilots  who 
have  .iciiulred  visually  to  view  comm.inds  as  unnecessary  or  Incorrect. 

Furthermore,  the  high  m.ineuver  rates  and  large  turn  m.ignitudes, 
rei|uired  by  such  a strategy  make  comm.inds  un.icceptably  disruptive. 

Avoidance  strategies  which  Ignore  or  override  other  flight  oblec- 
t Ives  or  sep.iratlon  assurance  techniques  (e.g,,  ATC  or  visual 

.ivoiilance)  may  interfere  with  those  techniques  in  a way  that  con-  ^ 

siderably  reduce  tlie  net  safety  benefits  of  the  system.  . 

Recommendat  loiis 

Tlirougliout  this  report  many  suggestions  are  presented  for  Imi'roving  ll’C 
performance  in  particular  areas.  But  convergence  of  tlie  ll’C  design  is  unlikely 
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to  be  achieved  through  a mere  addition  to  the  existing  logic  of  independent 
fixes  to  local  problems.  Instead,  a global  strategy  for  system  evaluation 
must  be  formulated.  The  remainder  of  Part  I recommends  directions  for 
system  evolution  which  can  result  in  an  acceptable  and  Implementable  design. 

Recommendations  Regarding  the  System  Concept 

1.  Provide  more  information  to  pilots  prior  to  the  need  for  urgent 
or  mandatory  comnuinds. 

In  the  current  logic  no  information  concerning  the  hazards 
created  by  maneuvering  in  particular  directions  is  provided 
until  after  a hazardous  closure  rate  has  been  established. 

Often  this  is  too  late  for  effective  commands.  Pilots  sliould 

be  informed  whenever  maneuvers  would  precipitate  encounters  ^ 

which  the  system  might  not  be  able  to  resolve. 

More  comprehensive  and  precise  PWI  information  is  needed 
to  allow  pilots  to  make  proper  decisions  prior  to  visual 
evaluation.  The  first  step  in  this  direction  should  be  to 
provide  more  precise  information  concerning  threat  relative 
altitude . 

2.  Recognize  recovery  encounters  as  a problem  and  attempt  to  issue 
Ci'mm<»nds  which  will  assure  decisive  resolution  with  a single  sequence 

I 

of  commands.  ‘ 

This  strategy  would  avoid  the  excessive  conflict  durations 
associated  with  multiple  sequences  of  commands. 

This  strategy  would  also  avoid  the  tendency  of  IPC  to  turn 

straight  and  level  encounters  into  maneuvering  encounters.  i 
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Specify  the  required  maneuver  magnitude  to  tlio  pilot. 


L 


- Such  specification  reduces  the  required  deviation  from 
intended  course. 

The  resolution  of  multiple  encounters  and  the  ability  of  the 
system  to  resolve  a pair  encounter  without  creating  a secondary 
encounter  with  a third  aircraft  is  facilitated.  IPC  can  then 
be  extended  to  greater  traffic  densities  than  would  otherwise 
be  possible. 

Pilots  and  controllers  wish  to  anticipate  the  effect  commands 
will  have  upon  navigational  objectives  and  other  control  objec- 
tives. This  is  Impossible  to  do  if  maneuver  magnitudes  are 
unknown . 

d.  Turning  aircraft  past  optimum  escape  headings  and  back  into 
conflict  can  be  avoided. 

4.  Resolve  more  encounters  with  minor  heading  changes  at  earlier  lead 
times. 

Such  commands  are  more  acceptable  to  pilots  than  large  magnitude 
turns  given  at  the  last  instant.  They  are  less  likely  to  inter- 
fere with  visual  search. 

Disruption  of  structured  traffic  flow  is  minimized  and  there- 
fore the  ability  of  IPC  to  operate  in  conjunction  with  the 
existing  ATC  system  is  enhanced. 

Resolution  of  multiple  encounters  or  resolution  of  pair 
encounters  without  creating  a secondary  encounter  with  a third 
aircraft  is  facilitated. 
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5. 


Utilize  additional  information  to  t>nliance  compatibility  of  IPC  con- 


trol witli  pilot  objectives 

Utilize  the  DABS  data  link  to  permit  the  pilot  to  accept 
responsibility  for  visual  separation  wlien  visual  acquisition 
i>as  occurred.  Any  system  witliout  this  capability  will  very 
likely  produce  unacceptable  results  iu  attempting  to  resolve 
encounters  involving  VFR  aircraft. 

Consider  the  use  of  other  Information  (e.g.,  fligtit  destina- 
tion, phase  of  flight,  short-term  intent,  aircraft  type/per- 
formance, etc.)  in  order  to  enhance  control  compatibility.  This 
may  be  required  in  order  to  extend  IPC  into  airspace  where 
collision  protection  is  most  needed. 

Recommendations  Regarding  the  IJ^  Algorithmic  Logic 

1.  Make  conflict  detection  a function  of  the  complete  dynamics  of  tlie 
encounter . 

Start  earlier  for  more  difficult  geometries  and  issue  restric- 
tive commands  earlier  in  geometries  for  which  resolution  success 
is  maneuver-sensitive. 

2.  Evaluate  command  effectiveness  before  command  issuance. 

- The  current  logic  sometimes  issues  commands  which  are  obviously 
ineffective  due  to  dynamic  considerations.  Valuable  time  may 
be  wasted  before  additional  action  is  taken. 

- The  algorithm's  evaluation  of  the  resolution  dynamics  sliould 
be  complete  enougli  to  recognize  obvious  difficulties  and  to 
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issue  initial  conunands  which  have  high  probability  of  being 
adequate  or  at  least  not  complicating  subsequent  control. 

3.  Allow  the  logic  to  issue  "go  straight"  commands  (e.g.,  maintain  \ 

heading) . 

This  is  sometimes  the  only  acceptable  horizontal  command  for 
slower  aircraft  in  conflict  with  a faster  aircraft.  It  may 

also  be  a required  command  for  the  proper  resolution  of  multiple  i 

aircraft  encounters.  I 

4.  Use  staged  resolution  in  all  appropriate  dynamic  situations.  ] 

Most  encounters  can  be  resolved  by  maneuvering  only  one  aircraft.  j 

Tills  is  how  collision  hazards  are  normally  averted  today  in 
both  VFR  and  IFR  flight. 

Staged  resolution  offers  a potential  for  a significant  reduction 
in  the  rate  of  positive  commands  in  both  VFR/VFR  and  IFR/ IFR 
encounters . 

5.  Develop  a turn  rate  estimation  capability  and  utilize  this  estimate 
in  the  resolution  logic. 

The  current  turn  rate  detection  flag  is  not  appropriate  for  this 
application  and  cannot  be  used  in  the  resolution  logic. 

Currently,  resolution  proceeds  on  the  assumption  that  all  air- 
craft are  flying  stralglit  at  the  time  commands  are  selected. 

Modification  of  the  resolution  strategy  on  the  basis  of 
detected  maneuvers  will  avoid  many  problems  with  the  present 
approach . 
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Ucllize  three-dimensional  resolution  tactics  whenever  appropriate. 
Three  dimensional  logic  offers  a means  of  cleanly  resolving 
certain  cllmblng/descendlng  encounters  which  are  otherwise 
difficult  to  resolve. 

Provide  for  explicit  consideration  of  surveillance  errors. 

These  errors  are  neither  isotropic  nor  homogeneous. 

Fixed  algorithm  thresholds  are  therefore  inappropriate  for 
achieving  safe  separation  with  minimum  disruption  of  normal 
flight. 


1. 


iNlRODUCTION 


1.1  Test  Objectives 

Flight  tests  of  Che  Intermittent  Positive  Control  (IPC)  collision 
avoidance  system  were  conducted  at  the  M.l.T.  Lincoln  Laboratory  between 
October  197A  and  February  1977.  The  objectives  of  the  tests  were  twofold: 
to  validate  the  IPC  algorithm  design  by  determining  that  it  provided 
acceptable  performance,  and  to  evaluate  the  ability  of  typical  general  avi- 
ation pilots  to  utilize  the  services  provided  by  the  system. 

The  IPC  concept  subjected  to  test  was  developed  Jointly  by  FAA/OSEM  and 
the  MITRE/METREK  Corporation.  Reference  1 describes  the  basic  elements  of 
this  concept.  Computer  algorithms  were  developed  first  for  single  DABS  sensors 
(Ref.  2)  and  later  extended  to  Include  cooperation  among  several  sensors 
(Ref.  3).  The  single-sensor  algorithms  tested  during  the  IPC  flight  tests 
can  be  viewed  as  a subset  of  the  multisite  algorithms. 

Flight  testing  was  carried  out  in  accordance  with  a Flight  Test  Plan 
(Ref.  4)  which  emphasized  the  need  for  both  algorithm  validation  and  subject 
pilot  tests. 

In  an  effort  to  achieve  meaningful  and  comprehensive  results,  an 
iterative  testing  method  was  adopted.  Test  procedures  and  the  system 
design  were  modified  In  response  to  test  experience  and  the  modifications 
subjected  to  further  testing.  Test  results  were  reported  frequently  to  the 
IPC  engineering  coordination  group  which  Included  representatives  from  M.l.T 
Lincoln  Laboratory,  FAA/SRDS,  FAA/NAFEC,  and  MITRE/METREK.  Algorithm  modlfi- 
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cations  were  normally  developed  by  MITRK/METRKK  for  submission  to  the  | | 

group.  Interim  flight  test  results.  Including  Initial  validation  experl-  j 

I 

ence,  wore  reported  In  Ref.  5.  The  present  report  Includes  an  overview  of 

all  testing,  an  analytic  perspective  on  validation  results  and  an  overall  I 

assessment  of  the  viability  of  the  ll’C  concept.  | 

I 

1.2  Organization  of  the  Report  | 

A summary  of  those  features  of  the  IPC  concept  which  are  most  Important 
for  understanding  the  significance  of  test  results  Is  provided  In  Section  2. 

The  success  of  the  test  progriim  required  development  of  a comprehensive  testing 
capability  Including  hardware  elements,  software  elements,  test  procedures, 
and  data  analysis  techniques.  Many  near  miss  encounters  were  required  to 
fully  exercise  the  IPC  logic  and  to  test  modifications.  An  overview  of  the 
test  bed  facilities  and  tlie  scope  of  the  test  activities  Is  provided  In 
Section  3.  The  presentation  of  flight  test  data  has  been  divided  Into  two 
parts:  algorltlim  validation  and  pilot  response  analysis.  The  algorithm  vali- 
dation section  (Section  4)  discusses  the  ability  of  IPC  to  utilize  DABS  data 
to  determine  aircraft  trajectories  and  the  ability  of  the  logic  to  Issue 
Instructions  which  achieve  the  system  control  objectives.  The  pilot 
utilization  section  (Section  5)  discusses  the  ability  of  pilots  to  properly 
utilize  TPC  services  and  the  acceptability  of  system  performance  from  the 
pilot's  point  of  view. 
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In  ovdor  to  understand  Che  behavior  of  the  Ith'  svhtim,  an  inalvtioal 
technique  for  the  analysis  of  aircraft  relative  motion  was  developed.  This 
technique  is  described  in  Appendix  A and  is  freely  used  in  this  report  to 
interpret  test  results.  It  is  recommended  that  the  reader  desiring  an  in-depth 
understanding  of  flight  test  results  famlllarlie  himself  with  this  appendix 
before  reading  Section  4 and  refer  back  to  the  appendix  as  needed  to  understand 
the  analysis  techniques  being  applied  to  particular  problems.  Appendix  B con- 
tains a compilation  of  subject  pilot  responses  to  post-flight  questionnaires. 
Appendix  C consists  of  a number  of  examples  of  flight  test  encounters  which 
illustrate  certain  phenomena  discussed  in  the  text. 
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j.i  rtu-  ii’i'  I'v'iici'pt 

Most  vit  lh»'  1 1’l'  t I l)tl\t  ti'stlun  .itikt  vlat.i  .iit.dvsls  w.is  i)  i ri'o  t cil  tow-ifil 
d«‘t  »Miiilnln>;  wltotluT  or  not  tho  svstom  portormi'il  .»s  (utoiulovi,  Kor  tliis 
j oasi'u  it  is  tiooossai'v  to  diulorst.iiul  tiu-  t uiulaiiu-iit  .1 1 toaturt's  ol  t lu'  1 1’l; 
ooiu‘«>i't  ill  oivior  til  tlio  sij^uit  loaiioo  ot  tost  rosults.  riu-  ll’t'  oi'noopl 

is  ili'soriboil  I'v  );lviuk;  a lU'sor  Ipi  iini  ot  tiow  tho  svsti'm  is  iiitoiuiov.!  to  ho 

list'll  aiiil  how  it  is  iiiti'iiiloil  ti>  I'orlorm.  I’lu'  ooiiii'i't  ilooumi'iit  at  ion  rotoiouoi's 
lor  U’l'  iKots.  I,  J,  aiiit  h>  rolv  hoavitv  upon  soi'iiarios  anil  i)ualitaIivo  ilosorlp- 
t Ions  ot  how  tin'  svstom  will  ho  oxpor  ionooit  hv  tho  pilot.  A ipiant  i t .it  i vo 
tormul.ilion  ot  U’O  I'or  t orm.inoo  ^ii.ils  oannot  ho  lioi  Ivoii  t rom  this  oonoopt 
iloi'umont  at  ion  in  .inv  si  r.il>tht  t orw.ifil  mannor.  lint  tho  motivations  tor  si^nllio.int 
ilosivjn  loatnros  o.in  >;onor.illv  ho  tounil,  Sinoo  sovi'r.il  .isi'oi'ts  ol  tho  iiosii;n 
.iro  h.isi'il  upon  oxplloit  Inst  mot  ions  to  th«'  pilot  oonoi'inlni;  hi'w  ho  shoulii 
ri'aot  to  tho  various  IKl'  iiu'ss.ivti's , muoh  ol  tin'  oi'iioi'pt  v.iliilitv  is  ilopomU'nt 
iipi'ii  tin'  .ihilitv  .niil  willinitnoss  ot  I'llols  to  ilv  tho  svsti'm  "hv  tho  hook". 

A liisonssion  ol  tost  rosults  in  this  .iro.i  is  I'loviili'il  in  Si'otion  1.  It 
shonlil  hi'  kopt  in  mluil  ih.>t  tho  tollowlni;  ilosor  ipl  ion  ot  ll’t'  ilosoriht's 
onlv  hiiw  tho  svsti’m  In  intoiiiioil  to  portorm  - .lotu.il  porii'rm.inoo  ohsorvoil  in 
tllitht  ti'sts  will  ho  ilisi'ussoii  l.itor.  Kor  .1  mort'  lii't.iiloil  liosor  Ipt  ion  ot 
tho  ll'i'  I'oiii'opt  tho  roailor  is  rotorroil  to  tho  rot  ori'iii'i'il  iloounu'nt  s . 

I’ho  t I’l’  svsti'm  is  o.tp.ihlo  ot  proviiiin>;  two  haslo  tvpi's  ot  sorvioo  to 
.iln'r.itt  whloh  .iro  oitnippoii  with  altituiio  ropoot  in>;  (Moili'  i'>  OAli.'^  t ranspoiulors 
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,iiui  .in  ire  display.  First,  tho  pilot  is  assisted  bv  means  of  a pilot  warning 

A 

Inslrnmeni  or  I’Wl  in  tiie  visual  acquisition  of  nearby  traffic. 

Second,  pilots  receive  It’C  commands  which  specify  maneuvers  to  be  under- 
taken to  resolve  contllct  situations.  I’Wl  service  and  resolution  service  are 
normally  provided  concurrently  through  a common  display.  Options  for  a I'Wl-only 
service  and  for  I’Wl  w.irnings  against  non-Mode  C aircr.ift  are  mentioned  (Ref. 

1,  pp.  , but  no  design  tor  such  options  has  been  documented. 

J . 1 . 1 rw 1 

The  ll’O  display  (Fig.  2-1)  contains  a ring  of  3b  I’Wl  lights.  Three  lights 
are  located  .it  e.ich  of  12  clock  positions.  The  clock  position  indicates  the 
rel.ii  ive  be.irlng  of  the  traffic.  The  central  light  .it  each  clock  position 
is  used  for  tr.iffic  that  Is  within  + SOO  feet  of  own  .iltitude.  The  upper  and 
U'wer  lights  indicate  traffic  which  is  above  or  below  the  co-altitude  band  but 
within  2000  feet  of  own  .iltitude. 

I’Wl  indications  .ire  Intended  to  assist  the  pilot  in  visually  acquiring 
proxim.ite  tr.iffic.  Thev  .ire  not  Intended  to  provide  enough  information  for 
selection  of  avoidance  maneuvers  .ind  are  not  to  be  used  for  such  purposes 
bv  pilots  (Ref.  b,  p.  7).  Two  types  of  I’WI  ,ire  possible.  The  ordinary 
rwi  (OTWl)  t.ikes  the  form  of  a steady  light  at  the  appropriate  position. 

The  Orwi  Indicates  traffic  which  are  not  of  Immediate  concern  (Kef.  I, 
p.  2-1)  .ind  thus  the  OTWl  does  not  require  the  immediate  attention  of  the 

A 

A rwi  is  sometimes  referred  to  as  a proximity  warning  Indicator. 
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MfSSACE  Shown  in  photo: 
TNAfFIC  5 0 Clock  CO-ALTITUDC 

TU«N  LtFT 
OON  T Turn  riomt 


LIGHTS  IN  EACH  BEARING  SECTOR 


,\;7E»  R.NO-Pw<  lights 


TRAFFIC  500  to  2000  ft  ABOVE 
TRAFFIC  within  500  ft  ON 
OWN  altitude 

TRAFFIC  500  10  2000  ft  BtLOW 


SNEN  circle -AVQlDANCF  COMMANDS 


STEADY  LIGHT 


Turn 
LEFT 
DON  T 
URN  LEFT 


TRAFFIC  NOT  Of  IMMEDIATE  CONCERN 


Flashing  light 

TRAFFIC  OF  IMMEDIATE  CONCERN 


TURN  RIGHT 


DESCEND 


DON'T  DESCEND 


.PUSHED  TO  RECEIVE  TEST 
PATTERN  ON  DISPLAY 


Pilot  ACKNOWLEDGMENT  BUTTONS 


Fig. 2-1.  IPC  display  utilized  in  flight  testing 
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j pilot.  l•■or  tills  rooson  tlif  OPWl  nooil  not  l>i‘  acoonipan  IlhI  by  an  audio  alort 

(Ki>r.  b,  p.  b)  . llowovor,  tlie  pilot  Is  oxiH-otod  to  clieck  for  tin*  prosi'iici'  ol  an 
tll’WI  bi'foro  Initiation  any  maneuver.  If  traffie  Is  IiKlleated  in  (lie  il  i rccLloii 
I of  Ills  Intended  maneuver,  the  pilot  should  attempt  to  aequire  It  (Kel  . 1, 

! p.  2-b) . If  the  pilot  falls  to  acquire  the  indicated  trafi ie  lu'  may  maneuver 

I 

1 

I as  he  sees  fit  (Ref.  5,  p.  7). 

I'he  flashlnn  I’Wl  (I'l’WI)  is  Issued  when  aircraft  are  on  direct  or  near 
colllsion  courses  (Ref.  b,  p.  8).  it  requires  Immediate  pilot  attention  and 
I is  accompanied  by  an  audio  alarm.  The  pilot  should  acquire  the  Indicated 

traffic  as  soon  as  possible.  After  visual  acquisition,  the  pilot  mav  initiate 

I 

I any  evasive  maneuver  he  deems  appropriate  (Ref.  6,  p.  8).  It  Is  intended 

j that  a reasonalile  period  of  time  be  provided  for  pilots  to  resolve  the 

: collision  haz.ird  before  I I’d  commands  appear  (Ref.  1,  p 2-9).  This  enables 

i pilots  to  maneuver  accordinp,  to  their  own  wlslu's  rather  than  bi’lnp,  told  how 

to  maiu'uver  bv  the  system.  If  the  pilot  chooses  not  to  maneuver,  t lu'  KPWI 
will  at  least  prepare  him  for  (irompt  execution  of  any  commands  which  .appear 
(Ref.  7,  p.  2-1). 

2.1.2  Comm.inds 

'I'wo  types  of  1 rC  commands  .ire  possibh':  negative  ("ilon't")  commands  aiul 
positive  ("ilo")  comm.ands.  Nep.ative  comm.ands  .are  displayed  by  lluhtlnp,  a red 
"X"  at  the  |)osition  corresponding,  to  one  ol  the  four  possible  maneuver  direc- 
tions. They  instruct  the  pilot  imt  to  m.aiu'uver  in  tlu>  Indic.ated  direction. 
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They  are  Issued  when  current  aircraft  trajectories  are  safe  but  a maneuver 
by  either  pilot  would  create  an  immediate  collision  threat  and  lead  to  an 
immediate  positive  command  (Ref.  1,  p 2-9).  Positive  commands  are  displayed 
by  lighting  a green  arrow.  They  are  Issued  when  a conflict  has  become  critical 
and  actions  are  required  immediately  to  assure  safety  (Ref.  1,  p.  2-8). 

They  are  selected  to  achieve  the  greatest  physical  separation  between  aircraft 
(Ref.  1,  p.  2-8).  They  are  also  selected  to  provide  maximum  separation  even 
if  one  of  the  aircraft  fails  to  respond  (Ref.  1,  p.  2-2A) . The  command 
may  not  be  consistent  with  pilot  desires,  but  the  urgency  of  the  collision 
threat  justifies  overriding  his  concerns  (Ref.  1,  p.  2-8).  Kven  tliough 
Individual  positive  commands  may  inconvenience  tlie  pilot,  tlielr  frequency  will 
be  low  enough  to  prevent  serious  disruption  of  his  total  flight  objectives 
(Ref.  1,  p.  2-8).  In  order  to  achieve  a low  command  rate,  commands  are 
delayed  as  long  as  possible  in  order  to  allow  additional  time  for  tlie  situa- 
tion ro  resolve  itself  without  IPC  intervention  (Ref.  1,  p.  2-8). 

When  a positive  command  is  received  the  pilot  should  begin  executing  it 
Immediately  whether  he  has  seen  the  traffic  or  not  (Ref.  b,  p.  12).  He  should 
then  push  the  acknowledgement  button  to  indicate  tliat  tlie  message  lias  been 
received.  The  pilot  should  maneuver  in  tlie  Indicated  direction  until  the 
command  symbol  is  extinguished.  He  sliould  turn  with  at  least  20  degrees  of 
bank  and  climb  or  descend  with  a rate  of  at  least  1000  feet  per  minute  (if 
possible).  Higher  rates  of  maneuver  will  provide  an  extra  margin  of  safety 
(Ref.  6,  p.  12-14).  Commands  are  mandatory.  1 KR  pilots  must  complv  with 
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c'ommami!!  evon  if  It  means  devlatliin  ( i cmi  tlu>lr  clearance  (Kel  . 6,  (> . 18).  If 
a pilot  oannot  comply  fully  with  a i ommand  to  maneuver  (n  a certain  direction 
(e.p.,  if  he  is  VFR  and  the  maneuver  would  carry  him  into  a cloud),  then  he 
should  oomplv  to  the  extent  practicable.  Me  Is  free  to  maneuver  In  any 
maneuver  plane  in  which  ct'mraandB  do  not  exist,  but  he  shiuild  not  attempt  to 
resolve  the  hazard  by  maneuveriiiK  In  a direction  i>pposlte  to  existing  commands 
(Ref.  b,  p.  15).  To  emphasize  that  a pilot  should  not  maneuver  contrary  to 
a positive  c(>inmand,  a red  "X"  in  the  positloti  opposite  the  preen  arrow  Is  pro- 
vided whenever  a preen  arrow  appears. 

2.1.3  ATC  Interface 

In  encounters  involvlnp  one  oi  more  controlled  aircraft,  the  air  traffic 
controller  who  is  responsible  for  the  controlled  aircraft  is  alerted  to  the 
possible  collision  at  a tau  value  of  120  seconds.  This  controller  alert  will 
generally  appear  before  any  IPC  messages  have  been  sent  to  the  aircraft, 
although  In  cases  of  low  closure  rate  I'rdlnary  PWI  mav  have  already  been  Issued 

(Ref.  1,  p.  2-12).  IPC  thresholds  for  II'R  and  V'FR  aircraft  differ  so  that  In 

IKR/VFR  encounters  the  VFR  aircraft  res('lve.s  i-ommaiuls  first  so  tlial  the  »‘ii 
counter  can  be  resolved  by  his  maneuver  alone.  The  1 FR  alrcr.ift  rarelv 
receives  either  positive  or  negative  commands  In  such  cases  (Ret.  1,  p.  2-25). 
The  controller  Is  notified  of  all  commands  is.'uud  to  or  Issued  hecausi'  ot 
aircraft  under  his  control.  Any  commands  required  for  .in  IFR  aircraft 

equipped  onlv  with  a Mode-C  ATCRBS  transponder  can  be  displayed  to  the 
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controller  and  relayed  on  the  voice  channel  (Ref.  1,  p.  2-26).  IPC  thresholds 
are  sucli  tliat  positive  commands  are  not  generated  unless  violation  of  ATC 
standards  lias  already  occurred  or  is  virtually  certain  to  occur.  It  is  not 
the  Intention  of  IPC  to  prevent  violation  of  IFR  separation  standards  (Ref. 

1,  p.  2-19).  No  specific  provision  is  made  for  cancellation  of  commands  by 
the  controller  or  for  other  controller  interaction  with  the  algorithmic  logic. 

The  controller  can  generally  avoid  IPC  commands  between  two  controlled 
aircraft  by  simply  maintaining  normal  ATC  separation  standards  (Ref.  1,  p.  2-19). 

2.2  The  IPC  Test  Bed  Algorithm 

The  presentation  of  test  results  requires  frequent  reference  to  particular 
sections  of  the  IPC  computer  algorithm.  Although  changes  to  the  algorithm 
were  made  during  testing  (see  Section  3.3),  the  basic  structure  of  the 
algorithm  was  not  significantly  altered.  The  data  inputs  to  the  algorithm 
are  the  DABS  position  reports  and  DABS  downlink  messages.  The  basic  struc- 
ture of  the  logic  is  exhibited  in  Table  2.1  in  the  order  in  which  logic  modules 
are  normally  entered  in  processing  a single  encounter  on  a given  scan. 

All  Mode-C  equipped  aircraft  are  tracked  and  subjected  to  coarse  screen- 
ing. Aircraft  pairs  which  are  identified  by  coarse  screening  are  subjected  to 
detection.  The  detection  logic  determines  the  types  of  IPC  messages  (controller 
alerts,  OPWI , FPWI , or  commands)  which  are  justified  by  the  current  trajectories. 
If  commands  are  requested,  a record  of  IPC  activity  is  begun  and  carried  from 
scan  to  scan.  The  resolution  logic  generates  and  updates  IPC  commands.  The 
actions  of  the  resolution  logic  depend  upon  previous  algorithm  states  as  well 
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as  the  output  of  tlie  detection  logic.  The  resolution  processing  is  done  in  a 
strictly  pairwise  manner  - each  pair  of  aircraft  is  fully  processed  before  the 
next  pair  is  considered. 


TABLK  2>1 
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MAJOR  SECTIONS  OF  IPC  TEST  BED  ALGORITHM 


ALGORITHM  SECTION 

FUNCTION 

Tracking 

Estimate  current  aircraft  positions  and 
velocities. 

Coarse  Screening 

Identify  all  pairs  of  aircraft  which  may 
pose  potential  hazard  to  each  other. 

Threshold  Selection 

Select  tau  and  miss  distance  thresholds  to 
be  used  for  a particular  pair  of  aircraft. 

Detection  Filter 

Determine  whether  PWI  or  commands  should  be 
sent  to  each  aircraft.  Determine  whether 
OPWl  or  FPWI  is  required.  Determine 
whether  controller  alert  is  to  be  sent. 

Resolution 

2/3  Logic 

Decide  if  command  request  is  persistent 
(2  out  of  3 scans) . 

Command  Selection  Logic 

Determine  plane  and  directions  of  commands. 

Positive/Negative  Transi- 
tion Logic 

Transition  from  positive  to  negative  com- 
mands and  vice-versa. 

Compliance  Logic 

Determine  if  VFR  aircraft  is  in  compliance 
and  alter  strategy  if  not. 

Acknowledgement  Logic 

Determine  if  aircraft  have  acknowledged 
commands  and  issue  additional  commands 
if  not. 

Altliough  it  Is  structurally  part  of  the  resolution  logic,  tlie  2/3  logic  is 
functionally  an  extension  of  the  detection  filtering  criteria. 
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3.  FLIGHT  TEST  OVERVIEW 

The  IPC  flight  test  plan  (Ref.  4)  contains  descriptions  of  the  basic  test 
facilities  and  test  methodology.  Section  3.1  and  3.2  which  follow  present  a 
brief  review  and  update  of  those  descriptions.  Section  3.3  presents  a summary 
of  flight  teat  activities  and  documentation. 

3.1  Test  Facilities 

The  IPC  flight  tests  were  conducted  at  the  Discrete  Address  Beacon  System 
Experimental  Facility  (DABSEF)  operated  by  M.I.T.  Lincoln  Laboratory,  Lexington, 
Massachusetts. 

3.1.1  Ground  Facilities 

DABSEF  contains  an  experimental  DABS  raonopulse  sensor  which  provides  DABS 
and  ATCRBS  surveillance  reports  at  an  update  rate  of  once  every  four  seconds. 

The  IPC  algorithms  reside  in  the  DABS  sensor  real  time  control  computer,  a 
systems  Engineering  Laboratories  SEL-86  (Fig.  3-1).  During  each  mission, 
surveillance  reports  are  displayed  upon  a TPX-42  traffic  situation  display 
(Fig.  3-2).  Two  cockpit  display  monitors,  Identical  to  the  IPC  display  units 
mounted  in  the  aircraft,  display  the  IPC  messages  for  the  current  scan.  IPC 
algorithm  computations  are  simultaneously  displayed  upon  a CRT  conflict  display. 
An  intercept  control  algorithm  resident  in  the  SEL-86  provides  intercept 
information  to  the  test  aircraft  cockpit  via  the  DABS  uplink,  and  is  also 
presented  alphanumerlcally  on  the  SEL  real  time  display.  All  significant 
DABS/IPC  link  activity  and  algorithm  computations  are  recorded  on  magnetic 
tape  for  post-flight  analysis,  and  all  voice  communications  with  the  pilots 
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are  recorded  on  audio  tape.  This  audio  tape  can  be  synchronized  later  with  a 
playback  of  the  digital  data  tapes  in  order  to  recreate  tlie  control  room  situa- 
tions observed  during  the  mission. 

3.1.2  Test  Aircraft 

The  test  program  utiiized  primarily  single  engine  general  aviation  aircraft*. 
A Cherokee  .Six  or  a Beech  Bonanza  K-33  was  employed  as  the  Interceptor  aircraft. 

A Cherokee  180  or  Cessna  172  was  normally  used  as  a drone.  The  higher  available 
speed  of  the  interceptor  aircraft  allowed  it  to  more  readily  achieve  posi- 
tions required  for  successful  intercepts.  Many  of  the  subject  pilots  were 
unfamiliar  with  the  constant  speed/variable  pitch  propeller  of  the  Clierokee 
Six  and  were  more  comfortable  flying  the  lower  performance  aircraft. 

The  test  aircraft  were  equipped  with  a DABS  transponder,  an  IPC  display  and 
a standard  ATCRBS  transponder  (Fig.  3-3).  RNAV  was  installed  so  that  the  planned 
Intercepts  could  be  conducted  at  selected  waypoints  independent  of  the  VOR  and 
Victor  route  airways.  The  VHF  communication  system  was  modified  to  allow  inde- 
pendent transmit/receive  operations  at  either  the  pilot  or  co-pilot  positions. 

An  alphanumeric  display  was  Installed  to  provide  the  interceptor  with  intercept 
information  as  computed  by  a special  purpose  intercept  control  algoritlira.  Tlie 
intercept  technique  developed  for  use  wltli  this  display  is  discussed  in  Sec- 
tion 3.2.  The  test  aircraft  were  also  Instrumented  to  downlink  on  the  DABS 
data  link  certain  aircraft  attitude  information  from  special  on-board  sensors. 

* 

A Lockheed  C-140  Jet  Star  was  utilized  in  a single  mission  to  investigate 
the  feasibility  of  conducting  higlier  speed  intercepts. 
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The  equipment  which  permitted  downlinking  this  information  was  called  the 
Readout  of  Aircraft  State  (RAS)  system.  The  special  DABS  avionics  package  is 
sketched  in  Fig.  3-4.  Aircraft  were  equipped  with  strobe  lights  which  were 
operative  at  all  times. 

3. 1.2. 1 Data  Reduction  Capabilities 

A set  of  software  analysis  routines  (Fig.  3-5)  are  used  following  a mission 
to  process  the  recorded  data  in  order  to  produce  plots  and  tabulated  results 
for  each  conflict  situation.  These  outputs  are  available  after  a mission  and 
are  used  in  debriefing  the  pilots.  Mission  data  summaries  are  compiled  to  pro- 
vide a record  of  each  encounter  flow^^  on  a scan  by  scan  basis.  The  data  base 
capability  provides  for  the  storage  ,md  retrieval  of  selected  Inform.ition 
on  each  encounter.  Data  is  available  for  all  encounters  flown  during  the 
flight  test  program.  The  data  includes  information  on  pilot  history,  mission 
log,  tracking  and  IPC  algorithm  vari.ible  values  during  an  encounter.  ihe 
dat.i  may  be  plotted  on  a CRT  gr.iphlcs  terminal  and  retained  .is  h.ird-copy 


output . 

3.2  Test  Methodology 

3.2.1  It’C  Flight  Test  Missimis 

Three  types  of  IPC  flight  test  missiiuis  weit'  flown.  NIssumis  involving 
test  pilots  flving  biith  test  .ilrcraft  were  scheduled  to  exercise  IPC  logic 
with  pre-det  erm  ineil  .ipproach  p.iths  .in>.l  pilot  responses.  These  missii'ns  were 


design.ited  v.il  id.it  ion  missions,  I'hey  provided  v.ilu.ible  insight  into  the  be- 
havior of  the  logic, ,niul  .li.U’Wi'd  Invest  ig.it  ii>n  of  m.inv  logic  probli'm  .ire. is  in 
which  testing  with  subiect  pilots  w.is  not  advis.ible.  The  v. ilid.it  ion  ti'sts 
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Fig. 3-5.  IPC  data  reduction  flowchart 
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were  Lln'  priuolpal  basis  of  the  IPC  flight  teat  interim  report  (Ref.  5). 

Later  tests  involving  a wide  cross  section  of  general  aviation  pilots  were 
scheduled  to  determine  pilot  reaction  to  IPC.  In  addition  to  the  normal 
data  gathering  mission,  IPC  demonstration  missions  were  scheduled  on  an  ad  hoc 
basis  for  aviation  community  visitors  who  were  concerned  with  IPC  development 
and  implementation.  These  Individuals  either  piloted  the  drone  (while  accom- 
panied by  a teat  pilot)  or  flew  as  observers.  These  missions  generally 
utilized  an  abbreviated  flight  plan.  Encounters  planned  for  these  missions 
wore  typically  those  for  which  IPC  behavior  was  fully  understood. 

Each  IPC  flight  test  mission  consisted  of  a number  of  planned  near-miss 
encounters  involving  the  two  test  aircraft.  Two  missions  per  week  of  two 
hour  duration  were  scheduled.  Subject  pilot  encounters  were  scheduled  to  occur 
at  an  average  rate  of  once  every  10  minutes.  During  validation  missions,  where 
pilot  reaction  was  not  the  prime  objective,  encounters  were  flown  at  the  rate 
of  one  every  5 minutes.  Random  unplanned  encounters  between  one  or  both  of 
the  test  aircraft  occurred  occasionally  due  to  itinerant  ATCRBS  Mode  C air- 
craft in  the  test  area. 

3.2.3  Encounter  Planning  and  Intercept  Control 

The  ability  to  control  the  characteristics  of  IPC  encounters  was  required 
in  order  to  ensure  testing  of  a variety  of  encounter  situations  and  to  ef- 
ficiently reproduce  situations  for  which  a greater  quantity  of  data  was 
desired.  Certain  variables  were  either  not  under  test  control  or  could  not 
readily  be  Included  In  test  planning.  Table  3-1  lists  planned  and  unplanned 


TABLE  3-1 


Flight  rules 

(IFR,VFR) 

Subject  pilot  response 

Equipment 

(DABS,  ATCRBS) 

Itinerant  ATCRBS  traffic 

Aircraft  type 

(high  wing,  low  wing) 

Visibility 

Speeds 

Crossing  Angle 

Miss  Distance 

Approach  Type 

(straight  & level. 

turning,  climbing, 

descending) 

Test  pilot  response 


TABLE  3-2 

IPC  FLIGHT  TEST  PROGRAM  STATISTICS 


MARCH  1975  - FEBRUARY  1977 


Missions 

132  Total 

Pilots 

79  Total  1 

Validation 

61 

Test 

5 

Demonstration 

20 

Demonstration 

17 

Subject  pilot 

43 

SubJ ect 

57 

ENCOUNTERS 

1603  Total 

Planned 

1419 

Unplanned 

184 

encouter  variables.  It  should  be  noted  that  when  aircraft  were  designated 
as  IFR,  they  were  in  reality  being  flown  as  VFR  by  a test  pilot  and  were 
not  under  control  by  an  ATC  facility.  The  IPC  algorithm  however  treated  them 
as  if  they  were  truly  IFR. 

It  was  found  early  in  the  testing  that  the  degree  of  precision  required 
in  order  to  conduct  intercepts  which  consistently  resulted  in  near-miss 
approaches  was  not  easily  obtainable.  One  reason  for  this  is  that  it  is 
unacceptable  for  aircraft  to  continue  to  make  course  corrections  until  IPC 
commands  appear  since  these  corrections  induce  tracking  lag  and  do  not  allow 
characterization  of  IPC  performance  for  typical  non-turning  encounters.  To 
test  non-turning  performance,  aircraft  must  be  stabilized  on  appropriate 
courses  several  scans  before  the  IPC  logic  begins  to  alarm.  Navigation  by 
landmarks  or  VOR's  proved  Inadequate  to  achieve  the  desired  intercept  pre- 
cision. A control  procedure  was  adopted  which  required  the  drone  to  fly  a 
given  path  while  the  interceptor  was  provided  Intercept  data  based  upon  DABS 
position  reports.  This  data  included  the  drone  altitude,  relative  bearing, 
and  the  heading  correction  required  to  achieve  a zero  miss  distance  intercept. 
This  information  was  transmitted  automatically  over  the  DABS  data  link  and 
displayed  to  the  Interceptor  pilot  on  an  alphanumeric  intercept  control  dis- 
play. This  control  technique  proved  to  be  highly  effective. 

3.2.4  Subject  Pilot  Methodology 

In  order  to  obtain  valid  insight  into  pilot  response  to  IPC,  a variety 
of  general  aviation  pilots  were  selected  to  serve  as  test  subjects.  The  DOT 
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Transportation  Systems  Center  provided  a list  of  pilots  who  had  served  as  sub- 
jects in  a previous  simulation  study  of  PWI.  This  list  was  augmented  by  other 
pilots  referred  by  various  sources.  A few  pilots  were  air  carrier  or  military 
professionals  who  flew  general  aviation  aircraft  only  for  pleasure.  Selected 
pilots  who  accepted  the  Invitation  to  participate  were  given  an  indoctrination 
lecture  on  IPC  and  the  flight  test  program.  They  were  given  literature 
prepared  specifically  for  pilots  (Ref.  6).  The  literature  covered  the  conduct 
of  the  tests  and  the  role  the  prospective  subject  pilot  was  expected  to  play. 
Initially  check  flights  in  the  Instrumented  test  aircraft  were  given  the  sub- 
jects to  familiarize  them  with  the  aircraft,  their  expected  duties  and  what 
to  expect  from  IPC.  It  was  later  decided  these  check  flights  were  unnecessary 
so  long  as  care  was  taken  that  pilots  fly  only  aircraft  types  with  which  they 
were  familiar.  Two  pilots  were  scheduled  to  fly  on  a given  day.  A pre-briefing 
was  given  to  review  the  literature  distributed  during  the  indoctrination 
lecture.  For  most  missions  this  briefing  was  conducted  by  the  MITRE  Corpora- 
tion representative  who  had  authored  the  IPC  Pilots  Handbook  (Ref.  6).  An 
IPC  cockpit  display  was  exercised  with  manually  controlled  inputs  to  familia- 
rize the  pilots  with  the  visual  and  aural  alarms  they  would  receive  in  the 
cockpit . 

The  typical  subject  pilot  mission  consisted  of  two  separate  flights.  The 
first  involved  one  subject  pilot  flying  a high-wing  aircraft  for  an  hour.  The 
second  involved  the  other  subject  flying  a low-wing  aircraft  for  the  next 
hour.  The  drone  aircraft  piloted  by  a subject  always  carried  a test  pilot  in 


I 


35 


the  right  seat.  The  Interceptor  was  flown  by  a test  pilot  with  an 
observer  in  the  right  seat.  The  encounters  flown  were  selected  to  provide 
the  subject  pilot  with  a range  of  typical  conflict  conditions.  The  subject 
pilot's  workload  was  comparable  to  the  normal  workload  except  for  the  addition 
of  the  IPC  display  functions.  The  subject  flew  a pre-brief ed  course,  changing 
headings  and  altitudes  according  to  a pre-arranged  plan.  A monitor  on  the 
ground  was  in  voice  contact  with  the  subject  recording  comments  and  reaction  to 
each  of  the  IPC  stimulae.  The  subject  was  encouraged  to  discuss  each  situation 
throughout  the  encounter.  This  aided  the  pilot  later  in  recalling  each  en- 
counter since  his  memory  could  be  stimulated  by  the  phrases  and  descriptions 
used  at  the  time  of  the  event.  As  one  subject  pilot  returned  to  base,  a 
head-on  Intercept  with  the  other  subject  aircraft  was  usually  staged  without 
either  subject  pilot  being  forwarned.  Following  each  mission  the  pilots  were 
debriefed.  They  were  encouraged  to  expand  on  their  airborne  comments  and 
discuss  each  situation  in  detail.  Plots  and  data  for  each  encounter  were 
used  as  needed  to  refresh  the  pilot's  memory  and  clarify  comments.  Pilots 
were  given  questionnaires  to  fill  out  and  return  by  mall  in  order  to  obtain 
their  final  overall  reaction  to  the  IPC  flight  test  experience. 

3.3  Test  Activity  Summary 

3.3.1  Encounter  Statistics 

Over  80  pilots  participated  in  the  evaluation  of  IPC  as  test, 
demonstration  or  subject  pilots  (Table  3-2) . The  132  missions  include  over 


1600  conflict  situations.  About  10  percent  of  the  encounters  were  unplanned, 
occurring  as  one  or  both  of  the  test  aircraft  encountered  itinerant  ATCRBS 
aircraft. 

It  was  Important  to  explore  in  the  flight  test  program  the  Impact  that 
varying  transponder  equipage  and  flight  rules  had  on  the  conflict  resolution. 

The  algorithm  sets  thresholds  and  varies  resolution  strategy  on  this  basis. 

The  majority  of  planned  encounters  involved  two  DABS  equipped  aircraft  (Fig.  3-6) 
The  unplanned  encounters  were  of  special  interest  since  they  were  unstaged  and 
sometimes  involved  air  carrier  or  military  aircraft. 

3.3.2  IPC  Algorithm  Revisions 

The  IPC  algorithms  underwent  a number  of  revisions  during  tlie  two  year 
flight  test  program  (see  Table  3-3) . These  revisions  took  the  form  of  changes 
to  the  logic  to  correct  faults  which  prevented  the  logic  from  functioning 
as  specified  by  the  IPC  concept  (ex.  M-Sl,  M-S12,  and  M-S15).  Some  revisions 
were  intended  to  resolve  design  problems  identified  during  flight  testing 
(ex.  M-S7,  L-Sl,  and  L-S2) . None  of  these  revisions  constituted  a fundamental 
change  in  the  orginal  concept  or  design.  The  number  of  missions  flown  with 
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TABLE  3-3 


REVISIONS 

OF  THE  IPC 

TEST  BED  ALGORITHM 

Algorithm 

Version 

Test 

Algorithm 

Designation 

change 

Proposal 

Designation 

Major  Revisions 

Incorporated  in  Version 

0 

LTAC-0 

None  (Initial  shakedown  version) 

1 

L'i'AC-1 

Linked  list  coarse  screening  technique. 

Minimum  2 mile  PWl  range  threshold  to 
alleviate  wind  effects  on  threshold. 

DOT  test  to  drop  commands  sooner. 

Modified  tau  (TH)  to  achieve  more 
uniform  rate  of  tau  decrease. 

Command  selection  Rule  C to  avoid 
ineffective  Rule  A commands. 

Separate  maximum  firmness  level  for 
vertical  tracking  to  Increase  respon- 
siveness of  tracker. 

2 

LTAC-2 

M-Sl 

Reduce  false  alarms  - unnecessary 
commands,  flashing  PWl's  and  controller 
alerts . 

M-S2 

Eliminate  commands  dropping  before 
resolution  complete. 

M-S3 

Commands  computed  for  IKR  aircraft  and 
delivery  delayed. 

M-S5 

Eliminate  acknowledgement  test  for  VKR 
ATCRBS . 

3 

LTAC-3 

M-S6 

Revise  IFR/VFR  logic  to  reduce  unaccep- 
table number  of  positive  commands  to  IFR 

M-S7 

Reduce  number  of  positive  commands  when 
a vertical  rate  is  present. 

Eliminate  vertical  chase  problem  with 
ATCRBS/DABS  encounters. 
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TABLE  3-3  (Continued) 
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Algorithm 

Versions 

Test 

Algorithm 

Change 

Proposal 

Designation 

Major  Revisions 

Incorporated  In  Version 

A 

LTAC-A 

M-S12 

Reduce  number  of  controller  alerts 
for  IFR/VFR  encounters. 

M-S15 

Reduce  undesirable  positive  commands 
due  to  vertical  velocity  Jitter. 

M-S16 

Reduce  number  of  positive  commands  by 
giving  negatives  whenever  situation 
dictates. 

L-Sl 

Provide  additional  command  to  DABS  in 
DABS/ATCRBS  when  DABS  does  not  acknow- 
ledge. 

L-S2 

Install  general  purpose  audio  alarm. 

5 

LTAC-5 

FAA-EM-7A-4 

Rev  2 (single 
Site  Version) 

Incorporateds  all  the  previous 
revisions  In  a single  volume. 

i 


t 

I 

I 

I 
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TABLE  3-4 

CLASSIFICATION  OF  IPC  FLIGHT  TEST  MISSIONS 
FLOra  WITH  EACH  VERSION  OF  ALGORITHM 


March  1975  - February  1977 


Algorithm 

Version 

Validation 

Demonstration 

Subject 

Pilot 

IPC 

Missions 

Total 

1 

30 

9 

14 

53 

2 

1 

1 

3 

5 

3 

7 

4 

8 

19 

4 

9 

8 

18 

35 

■ 

5 

13 

4 

1 

18 

60 

26 

44 

130 
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ALCiORITHM  VALIDATION 


The  algorithm  logic  which  evaluates  collision  threats  and  selects 
avoidance  messages  is  a critical  element  of  the  IPC  design.  This  logic  must 
provide  effective  protection  over  a wide  range  of  encounter  situations.  Its 
success  rate  must  be  high,  since  pilot  acceptance  of  the  system  will  be 
adversely  affected  if  the  logic  fails  to  provide  acceptable  results  in  a 
noticeable  number  of  cases.  In  this  section  we  will  address  the  ability  of  the 
IPC  logic  to  achieve  its  stated  control  objectives  of  assuring  safe  separation 
with  minimum  disruption  of  normal  flight.  Logic  validation  Issues  were 
investigated  primarily  in  flights  involving  test  pilots  who  were  instructed 
to  obey  IPC  coimnands.  The  tendency  for  the  instructions  of  the  IPC  system 
to  conflict  strongly  with  the  desires  of  subject  pilots,  and  the  possible 
compromise  of  the  control  strategy  by  the  pilots'  refusal  to  comply,  are 
topics  which  are  addressed  in  the  section  on  pilot  utilization  (Section  5) . 

The  performance  of  the  IPC  system  varies  greatly  with  the  dynamics  of  the 
encounter.  Diagnosis  of  this  behavior  and  generalization  from  specific 
encounters  r>et  .'  es  a sound  understanding  of  collision  avoidance  dynamics. 

This  is  especla...lv  true  when  the  question  at  hand  Involves  two  or  three 
dimensions  rather  than  just  one.  For  these  reasons  a technique  for  the 
analysis  of  the  relative  motion  of  aircraft  was  developed  and  it  has  proven 
to  be  very  useful  in  interpretation  of  test  results.  An  introduction  to  the 
terminology  employed  in  the  analysis  is  provided  in  Figs.  4-1  and  4-2. 
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Relative  Motion  - The  collision  avoidance  problem  Is  formulated  In  terms  of  a 
dynamic  system  which  describes  how  aircraft  move  relative  to  each  other. 

State  Variables  - Horizontal  relative  motion  Is  described  in  terras  of  five  stat 
variables:  horizontal  range  (r)  between  aircraft,  the  relative  bearing 
and  B.,)  of  each  aircraft  from  the  other,  and  the  airspeeds  (V^  and  of  each 

aircraft.  Bearing  Is  measured  positive  clockwise  from  the  velocity  vector 
of  the  aircraft  of  interest.  It  is  expressed  as  a number  beween  -130°  and 
+180°.  These  variables  are  depicted  In  Fig.  4-2. 

Normal Izatlon  - For  plotting  purposes  it  is  convenient  to  express  distances 
as  a fraction  of  range  and  velocities  as  a fraction  of  (the  airspeed  of  the 
faster  aircraft).  Times  will  be  expressed  In  units  of  r/V^. 

Speed  Ratio  - The  speed  ratio  Is  the  ratio  of  the  airspeed  of  the  slower 
aircraft  to  chat  of  the  faster.  (e.g., 

Natural  Motion  - Refers  to  the  type  of  motion  which  results  from  unaccelerated 
(rectilinear)  flight. 

(Signed)  Miss  Ustance,  m - The  miss  distance,  MD,  used  In  IPC  is  the  minimum 
range  which  would  result  from  pure  natural  motion  projected  forward  or  back- 
ward from  Che  current  time.  For  analytical  purposes  It  Is  convenient  to  de- 
fine a signed  miss  distance,  m,  whose  magnitude  is  the  same  as  MD,  but  whose 
sign  Is  positive  If  the  range  vector  Is  rotating  clockwdse  and  negative  if  the 
range  vector  Is  rotating  counter  clockwise. 

Forced  Motion  - Forced  motion  Is  the  type  of  motion  which  would  result  from  an 
instantaneous  change  In  heading  (thus  producing  a corresponding  instantaneous 
change  In  bearing).  In  Appendix  A it  is  shown  that  actual  aircraft  trajectorle 

Fig,  A-1.  Synopsis,  relative  motion  analysis  technique. 
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r * RANGE 

» BEARING  SEEN  FROM  AIRCRAFT  1 
02  * bearing  seen  from  AIRCRAFT  2 
Vi  » AIRSPEED  OF  AIRCRAFT  1 
Vg  » AIRSPEED  OF  AIRCRAFT  2 


AIRCRAFT  1 

Fig. 4-2.  Variables  utilized  in  relative  motion  analysis. 
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A more  oomplete  vi  isouss  iv'n  of  the  technique  is  provided  in  Appendix  A.  It  is 
recommended  that  the  reader  desiring  full  understanding  of  the  methods  by  which 
IPC  has  been  analyzed  consult  this  appendix  when  necessary  while  reading  the 
remainder  of  Section  4. 

4.1  Trajectory  Estimation 

Accurate  estimates  of  aircraft  positions  and  velocities  are  required  in 
order  for  a collision  avoidance  svstem  to  function  effectively.  iiie  IPC 
system  bases  its  estimation  of  these  trajectory  variables  upon  DABS  position 
reports  which  are  received  at  the  nominal  rate  of  once  every  4 seconds. 

These  reports  provide  the  range  and  azimuth  of  tlie  aircraft  relative  to  the 
DABS  sensor  and  provide  the  aircraft  barometric  altitude  as  encoded  by  tiie 
aircraft  altimeter.  Higher  derivatives  of  position  fi.e.,  velocities  and 
.icce  lerat  ions)  must  be  Inferred  from  obsorwit  ion  of  tlie  time  liistory  of  posi- 
tion reports.  The  portion  of  tlie  .ilgorithm  which  estimates  aircraft 
trajectories  is  called  the  IPC  tracker.  Tlie  finite  DABS  data  rate  and  tlie 
Inherent  errors  or  uncertainties  in  the  DABS  position  reports  limit  the 
.iccuracy  with  which,  aircraft  trajectories  can  be  determined.  .A  further 
limitation  arises  because  the  tracker  design  must  be  based  upon  a simplified 
model  of  aircraft  dynamics.  The  IPC  tracker  is  designed  to  minimize  the  etfei-ts 


of  random  data  errors  and  to  accommodate  typical  aircraft  dynamics.  The 
performance,  figures  for  horizontal  tracking  are  largely  based  upon  Ref.  11. 
and  the  reader  is  referred  to  that  document  for  further  detail. 


4.1.1 


Tralectory  Estimation  Wltli  Nominal  Survoi  Ll.inro  Quality 


Description  of  IPC  Tracking  Algorithm 

The  IPC  tracking  algorithm  is  basically  a low  gain  a-S  tracker  with  a 
turn  detection  and  correction  mechanism.  The  low  value  of  S (0.1)  provides 
heavy  suppression  of  scan-to-scan  measurement  Jitter  during  straight-line 
flight.  In  order  to  prevent  the  excessive  heading  lag  which  such  heavy 
smoothing  would  normally  engender  during  turns,  the  turn  correction  mechanism 
adds  heading  corrections  which  force  the  heading  in  the  direction  of  detected 
turns.  Turns  are  detected  by  noting  deviations  of  aircraft  reports  from  tlie 
predicted  flight  path. 

Track Performance 

The  performance  of  the  tracker  depends  upon  (1)  the  nature  of  errors 
in  the  position  measurements,  and  (2)  the  acceleration  history  of  the  air- 
craft being  tracked.  The  position  measurement  errors  which  are  most  signifi- 
cant to  IPC  are  those  which  vary  from  scan  to  scan  and  thus  induce  errors 
in  the  velocity  estimates.  Nominal  magnitudes  of  these  errors  at  DABSEF 
are  approximately  15  feet  (lo)  in  range  and  .05  degrees  (la)  in  azimuth.  For 
aircraft  in  straight  line  flight  these  accuracies  allow  the  current  IPC  tracker 
to  estimate  heading  with  an  error  of  3 degrees  (lo)  and  speed  with  an  error 
of  2 knots  (lo).  These  accuracies  are  more  than  adequate  for  collision 
avoidance  purposes. 

The  accuracy  of  heading  estimates  during  turns  la  a function  of  aircraft 
speed,  turn  rate,  and  the  ability  of  the  tracker  to  promptly  and  consistently 
declare  turns.  At  typical  turn  rates  (3-5  dog/sec),  heading  errors  of  30  or 
40  degrees  arc  to  be  expected.  The  impact  of  tliesc  errors  upon  IPC  perform- 
ance is  discussed  in  Section  4.5. 
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IHirlnn  a tmn  ilio  tr.u-kor  tends  to  midorest  imate  aircraft  speed.  At 
turn  rates  I't  a-")  de>;/sec  tlie  speed  erri)r  is  tvplcally  15%  iil  the  aircr.att 
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ti't.il  speed. 

I'urn  l)ete£_t  Ion  I’allure 

In  order  to  prevent  f.ilsi>  turn  dec  1 .ir. it  Unis  due  to  jitter  error  in 
position  me.isnrement  s , the  turn  detection  thresholds  are  ,id  justed  In  .iccordance 
wltli  tr.ick  llrmness  .and  expected  cross-tr.ick  inc.isurement  .accnr.acy.  At 
longer  rany.es  these  thresholds  may  lucre. ise  to  a significant  tract  li'u  of 
till'  turn  radii  of  slower  .aircraft.  When  this  liappens,  turns  e.an  rem.ilu 
undetected  until  .ifter  aircraft  have  turned  or  more  from  their  initi.il 

lieadlny.s.  Heading  errors  of  tills  m.inultude  prevent  the  cross-track  tests 
oi  tlie  turn  detection  Ionic  from  functloiiinn  properly  since  the  estimated 
cross-tr.ick  direction  Is  nt'ossly  mlsallnuod  with  respect  to  tlie  .actu.al  cross- 
track direction.  in  some  flight  test  encounters  he.-uiiug  errors  of  120''  .ind 
.lirspeed  errors  of  2/J  actual  alrsi'eed  were  ohserved  isee  Kx.imple  1 Appendix 
(■).  I'hesi'  dill  lenities  m.iy  he  amen.ihte  lo  solution  hy  allowing  t lu'  t r.acker  to 
recogni.’.e  when  turn  detection  is  llkelv  to  tail  .and  to  lucre. ise  tracking  g.ilns 
.iccord  1 11)’.  1 v . 

Wind  K.lfects 

I'he  ll'l'  tracking  .al)’,orlthm  does  not  t.ike  wind  into  account  lu  est  im.it  iug 
.lircraft  he.adliigs  .and  airspeeds.  All  velocities  .are  est  limited  with  respevt 

* 

The  tracking  gains  to  he  used  are  specilied  lu  terms  ol  .a  tlniiuess  level. 

The  firmness  level  Is  a function  of  tlie  recent  historv  of  successinl  report - 
to-track  correl.at  ions. 
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ri'  I sensor  as  >;round  reference.  When  the  airmass  in  which  the  aircraft 
are  flying  is  in  motion,  the  velocity  of  the  aircraft  with  respect  to  the 
ground  mav  differ  significantly  from  the  airspeed.  If  it  is  assumed  that  each 
aircraft  is  subject  to  the  same  wind,  then  all  relative  motion  quantities  which 
depend  only  upon  distances  and  the  velocity  differences  (e.g.,  tau  and  miss 
distance)  will  be  unaffected  by  the  wind.  But  other  quantities  will  be  modified 
by  wind  (e.g.,  crossing  angle,  speeds,  time  to  path  crossing).  For  slower 
aircraft  flying  in  strong  winds  the  errors  in  estimating  these  latter  quantities 
can  be  significant.  Consider  for  instance  two  100  knot  aircraft,  one  flying 
parallel  and  one  flying  anti-parallel  to  a 40  knot  wind.  The  actual  airspeed 
ratio  is  unity  while  the  tracked  speed  ratio  (i.e.,  groundspeed  ratio)  Is 
140/60  " 2.3.  Depending  on  magnitude  and  orientation,  wind  can  change  the 
value  of  warning  thresholds,  the  choice  of  maneuver  plane,  and  the  directions 
of  horizontal  commands.  Wind  has  been  observed  to  aggravate  the  problem  of 
tracking  turning  aircraft  since  aircraft  turning  downwind  seem  to  Increase 
speed  while  those  turning  Into  the  wind  seem  to  decrease  speed.  One  algorithm 
modification  to  decrease  sensitivity  to  wind  was  made  during  flight  tests.  The 
Version  0 algorithm  had  an  OPWI  threshold  that  was  a function  of  squared 
speeds.  It  was  discovered  that  when  two  slower  aircraft  were  flying  Into 
strong  headwinds  their  low  observed  speeds  resulted  in  late  Issuance  of  OPWI. 

For  this  reason  the  algorithm  was  modified  to  issue  OPWI's  whenever  range 
decreased  below  2 miles. 

It  is  recommended  that  the  ability  to  study  wind  effects  be  Included  in 
future  IPC  simulation  efforts  and  that  the  feasibility  of  making  wind  correc- 
tions to  velocity  estimates  be  considered. 
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4.1.2  Oii.sorved  Kflcfts  of  Surveillance  Anomalies 

Fli>;l>t  tests  liave  revealed  certain  errors  wlilch  have  received  little 
attention  In  ll’C  system  design,  but  which  can  adversely  affect  performance. 
I’hese  error  sources  are  listed  here  so  that  future  system  development  can 
proceed  In  awareness  of  their  existence. 

Az  1 mu  t h ^\noma  I les 

The  accuracy  of  the  aircraft  azimuth  measurement  can  be  affected  by 
conditions  which  arise  intermittently  on  isolated  scans  (e.g.,  asynchronous 
Interference).  One  often  observes  a sequence  of  many  scans  of  highly 
accurate  azimuth  reports  which  contain  an  isolated  anomaly  corresponding 
to  a substantial  measurement  error.  This  anomaly  can  perturb  the  track  signif- 
icantly and  the  perturbation  may  require  several  scans  to  subside.  The  a-b 
smoothing  technique  is  well  suited  for  suppression  of  errors  which  are  scan- 
wise  Independent  but  is  less  well  suited  for  suppressing  the  effect  of  isolated 
anomalies.  A carefully  designed  outlier  rejection  scheme  based  on  acceleration 
reasonableness  should  be  implemented  to  improve  performance  in  this  area. 

11  i fJ'jtjic  t ion  Effects  Near  Obstacles 

ATC  beacon  radars  estimate  target  azimuth  by  determining  the  orientation 
of  tlie  signal  wavefront  of  the  target  reply.  I’lienomena  which  perturb  the 
wavefront  orientation  must  necessarily  result  in  errors  in  target  azimutli 
estimate.  One  such  per  turbat  itin  wlilch  may  have  a serious  imp.ict  iipiui  ll’l. 
performance  when  it  occurs  is  azimuth  error  due  to  signal  diffraction  arouiHl 
obstacles.  Two  major  obstacles  exist  at  DABSKK.  The  first,  an  antenna  tower, 
is  located  at  an  azimuth  removed  from  the  usual  ll’(l  flight  test  area.  The 
second,  the  smokestack  of  the  Hanscom  Field  power  plant,  is  located  be- 
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Lwei-ti  chi'  DAHSKF  antenna  ad  the  IPC  tes  area  ai  an  azimiitli  of  295. 9^^  and 
at  a range  of  about  1500  feet.  Several  IPC  encounters  which  occurred  at  low 
elevations  In  the  vicinity  of  the  smokestack  azimuth  resulted  in  resolution 
failure  due  to  errors  in  estimated  azimuth.  Example  2 in  Appendix  C is  a 
particularly  severe  case.  The  diffraction  phenomenon  is  well  understood  from 
both  experimental  and  theoretical  points  of  view  (Ref.  8).  The  error  is  known 
to  vary  as  a function  of  obstacle  size  and  angular  separation  between  the  tar- 
get and  obstacle.  Currently  most  terminal  ASR's  are  sited  in  locations  for 
which  diffracting  obstacles  are  present  on  the  horizon.  Aircraft  flying  near  the 
horizon  and  near  obstacle  azimuths  cannot  be  processed  by  IPC  in  the  same 
manner  as  aircraft  flying  in  the  clear.  Improved  siting  of  DABS  antennas 
may  go  far  to  alleviate  the  diffraction  problem  at  some  locations,  but  the  basic 
problem  will  never  be  completely  eliminated  and  must  be  recognized  in  IPC 
system  development. 

Vertical  Tracking  With  Missing  Reports 

It  was  discovered  in  testing  the  Versio  i 0 algorithm  that  tracking  gains 
used  for  horizontal  tracking  produced  excessive  lag  and  overshoot  in  vertical 
tracking.  Vertical  tracking  has  no  logit  equivalent  to  the  turn  detection 
logic  which  makes  low  gains  tolerable  for  horizontal  tracking.  Consequently, 
the  Version  1 logic  specifies  that  the  firmness  level  for  vertical  tracking 
is  never  to  Increase  above  7.  From  this  level  even  two  missing  replies 
can  cause  firmness  to  decrease  to  a level  at  which  highly  erroneous  altitude 
rates  can  be  induced.  As  an  example  consider  an  encounter  for  which  the  initial 
tr.icked  altitude  rate  is  zero  and  the  initial  firmness  level  is  7.  A series 


of  two  missed  replies  reduces  firmness  to  level  3 at  which  level  the  tracking 
gains  are  a = .833  and  |5  = .700.  If  an  altitude  report  which  differs  by  AZ 
= 100  feet  from  the  coasted  altitude  is  then  received,  the  altitude  rate  is 
modified  by 


M g = 100  ft 
T 4 sec 


1050  fpm 


But  the  100  foot  decrease  in  altitude  may  well  be  due  to  altimeter  quantization 
or  to  track  coasting  which  occurred  during  the  periods  of  missing  data.  Ex- 
ample 3 of  Appendix  D provides  a case  in  wliich  a vertical  climb  rate  of  almost 
1500  fpm  was  estimated  when  the  aircraft  was  actually  slowly  descending.  If 
reports  are  uncorrelated  due  to  erratic  altimetry  the  errors  can  be  even  worse. 

Vertical  Tracking  Lag 

When  changes  in  altitude  rate  occurred,  the  vertical  tracking  often 
responded  much  more  slowly  than  can  be  justified  by  smoothing  considerations. 
This  lag  could  result  in  late  commands  or  persistence  of  commands  after  re- 
solution was  assured  (see  Example  4 in  Appendix  C) . 

4.2  Conflict  Filtering 

The  IPC  conflict  filtering  logic  consists  of  three  parts:  (1)  coarse 
screening  which  identifies  from  the  track  file  aircraft  pairs  wliich  may  be 
in  liazardous  proximity  and  which  sliould  be  subjected  to  furtlicr  processing, 

(2)  threshold  selection  logic  whicli  selects  tau  and  miss  distance  alarm 
thresholds  based  upon  the  attributes  of  the  aircraft  pair  and  (3)  a detection 
logic  which  tests  computed  detection  variables  against  tlie  thresholds  to 
determine  the  type  of  IPC  messages  (OPWI,  FPWI,  commands,  etc.)  to  be  issued. 
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4.2.1  Coarse  Screening  Logic 

Tlie  coarse  screening  portion  of  the  IPC  logit  is  intended  to  identify 
in  a computationally  efficient  manner  those  aircraft  for  which  IPC  detection 
variables  (e.g.,  tau)  are  to  be  calculated  in  the  alarm  flag  logic.  The 
initial  IPC  coarse  screening  algorithm  utilized  a sort  bin  technique  for 
screening.  This  method  suffered  from  a n ed  to  process  a large  number  of 
empty  bins  each  scan.  It  was  replaced  in  Version  1 by  a more  efficient 
linked  list  approach.  This  list  is  ordered  according  to  increasing  x coordinate 
and  the  number  of  entries  is  essentially  equal  to  the  number  of  aircraft  being 
serviced . 

During  flight  tests  several  cases  were  observed  in  which  aircraft  in 

close  proximity  failed  to  pass  coarse  screening.  This  condition  usually 

arose  abruptly  during  an  encounter  and  resulted  in  IPC  terminating  service 

at  a critical  moment.  The  source  of  the  problem  lay  in  the  fact  that  the 

* 

coarse  screening  algorithm  searched  the  linked  list  in  one  direction  only 
and  processed  aircraft  according  to  azimuth  sector.  If  two  conflicting  air- 
craft in  adjacent  sectors  changed  order  between  the  time  their  respective 
sectors  were  processed  then  the  unidirectional  scan  failed  to  detect  the  pair. 

In  order  to  allow  IPC  testing  to  proceed,  the  DABSEF  version  of  the  algorithm 
was  modified  to  eliminate  the  problem.  The  analogous  modifications  which  were 
specified  later  for  Version  5 were  not  flight  tested. 

A 

This  search  technique  provides  a method  of  reducing  the  required  computational 
load.  The  algorithm  can  discover  that  aim  alt  A is  in  proximity  to  aircraft 
B without  the  redundant  processing  associated  with  the  discovery  that  aircraft 
B Is  in  proximity  to  aircraft  A. 
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4.2.2  Alarm  Threshold  Transitions 

No  documentation  has  been  provided  which  explains  the  choice  of  each 
threshold  determining  attribute  and  its  corresponding  threshold,  but  the 
basic  design  philosophy  involves  increasing  thresholds  for  attributes 
which  Indicate  greater  difficulty  in  resolution  and  increasing  thresholds  for 
VFR  aircraft  in  conflict  with  IFR  aircraft.  In  many  cases  this  logic  produces 
discontinuous  jumps  in  threshold  values  even  wlien  tests  are  based  upon  con- 
tinuous variables.  For  example,  when  the  speed  of  an  ATCRBS  aircraft  is 
more  tlian  1.5  times  the  speed  of  the  DABS  aircraft,  the  command  threshold 
jumps  from  32  to  64  seconds.  These  transitions  can  occur  at  any  time  during 
an  encounter  and  result  in  an  abrupt  change  in  the  alarm  status  of  the  air- 
craft. 

Aspects  of  the  encounter  geometry  which  affect  urgency  are  not  among  tlie 
encounter  attributes  considered  in  the  threshold  selection  logic.  For  example, 
miss  distance  and  crossing  angle  are  not  considered.  Thus  alarm  declarations 
at  consistent  levels  of  urgency  are  not  possible. 

4.2.3  Tau  Criterion 

For  zero-miss  rectinlinear  approaches  the  time  until  collision  can  be 
expressed  in  terms  of  range  and  range  rate  as  r = -r/f.  But  in  this  form  r 
is  not  reliable  as  a measure  of  urgency  since  low  closure  rates  can  cause 
T to  remain  high  regardless  of  range.  The  IPC  algorithm  therefore  uses  a 
modified  form  of  this  measure  which  may  be  written 

TH  = — (1-D^/r^) 
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■'iTf*  IS  a parameter  with  a nominal  value  of  approximately  0.5  ami.  It  can 
be  seen  that  TH  will  be  forced  to  zero  at  range  D no  matter  how  small  the 
closure  rate.  In  testing  Version  0 of  the  algorithm  it  was  found  that 
excessive  turns  could  result  from  continuing  commands  to  aircraft  which  were 
within  range  D but  were  separating.  For  this  reason  the  "DOT"  test  was  added 
to  the  detection  logic.  This  test  prohibited  any  horizontal  threshold 
from  being  violated  if  the  product  of  range  and  range  rate  exceeded  10  nmi- 
knot.  (A  threshold  value  of  1.0  nmi-knot  was  first  proposed,  but  was  found 
to  result  in  deletion  of  needed  commands) . 

At  large  crossing  angles  TH  is  relatively  insensitive  to  tracking  errors 
and  accelerations  since  velocity  errors  are  then  small  compared  to  the  magni- 
tude of  f and  aircraft  accelerations  due  to  turns  are  mostly  normal  to  the 
range  vector.  But  for  aircraft  of  similar  speeds  approaching  at  smaller 
crossing  angles,  TH  can  be  very  sensitive  to  errors  and  accelerations.  In 
some  cases  this  sensitivity  can  result  In  confusing  transitions  in  the  alarm 
level  (Example  5 in  Appendix  C)  or  rapid  crossing  of  several  tau  thresholds 
(Example  6 in  Appendix  C) . The  latter  phenomena  is  important  since  several 
aspects  of  the  IPC  concept  (e.g.,  PWI  warning  time  before  commands,  time 
allowed  before  compliance  check)  apparently  require  that  TH  decrease  at  the 
same  rate  as  clock  time  so  that  TH  tliresholds  which  differ  by  a given  amount 
will  be  violated  at  times  which  differ  by  the  same  amount . In  reality,  even 
with  constant  closure  rates  TH  decreases  more  rapidly  than  clock  time  due  to 
its  nonlinear  dependence  upon  range.  Furthermore,  in  many  encounters  there 
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is  some  condition  which  produces  small  but  definite  increments  in  estimated 
closure  rate.  For  instance,  the  aircraft  may  not  be  flying  perfectly  straight 
or  the  tracked  heading  may  be  converging  to  the  current  heading  in  order  to 
eliminate  a heading  error  which  arose  earlier.  More  severe  Increments  occur 
when  one  of  the  aircraft  is  deliberately  turning.  Under  these  conditions  TH 
values  reflect  neither  the  actual  passage  of  time  nor  the  actual  time  to 
collision.  Further  discussion  of  the  effect  of  accelerations  upon  IPC  per- 
formance can  be  found  in  Section  4.5. 


4.2.4  The  2/3  Command  Flag  Logic 

IPC  does  not  issue  commands  unless  the  command  flag  (CMDFLG)  has  been  set 
on  two  of  the  last  three  scans.  This  "2/3  logic"  is  primarily  intended  to 
prevent  unnecessary  commands  in  situations  where  a turning  aircraft  is  coming 
into  momentary  conflict  with  nearby  traffic  as  its  velocity  vector  sweeps 
through  a range  of  headings.  But  this  logic  Imposes  a one  scan  delay  in  com- 
mand issuance  for  all  encounter  situations.  In  some  cases  the  trajectory 
information  indicates  a severe  hazard  which  can  only  be  made  worse  by  the 
existing  accelerations,  and  the  algorithm  does  not  react  until  the  next  scan 
when  the  command  flag  is  set  for  the  second  time.  This  single  scan  of  delay 
is  most  significant  when  aircraft  are  accelerating  in  a manner  that  produces 
late  commands.  More  timely  IPC  intervention  could  be  obtained  if  commands 
were  delayed  only  when  the  trajectory  estimates  were  consistent  with  the 
hypothesis  that  the  command  thresholds  would  not  be  violated  on  the  next  scan. 
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4.3  Choice  of  Resolution  Plane 


In  most  situations  the  initial  attempt  at  conflict  resolution  involves 
commands  exclusively  in  the  horizontal  plane  or  the  vertical  plane.  The  choice 
of  the  plane  to  be  used  may  determine  the  success  of  the  resolution  attempt. 

In  TPC  this  choice  is  based  upon  certain  characteristics  of  the  encounter. 

Several  cases  were  observed  in  which  the  original  IPC  algorithm  made  a poor 
choice  of  tiie  maneuver  plane  and  revisions  to  the  logic  were  implemented  to 
address  these  cases. 

The  Version  1 IPC  algorithm  would  occasionally  issue  positive 
commands  in  the  vertical  plane  even  though  negative  commands  in  tlie  horizontal 
plane  would  have  been  sufficient.  In  Version  4 logic  was  added  which  assured 
that  the  resolution  plane  which  required  only  negative  commands  would  be 
selected  whenever  such  a plane  existed.  But  this  logic  is  exercised  only  upon 
initiation  of  resolution.  At  a later  time  it  is  still  possible  for  a negative 
command  to  transition  to  a positive  command  in  the  same  plane  even  tliough  a 
negative  command  in  the  other  plane  would  be  adequate  (see  Example  7 in 
Append ix  D) . 

It  was  observed  in  flight  tests  that  when  an  uncommanded  aircraft 
possesses  a vertical  rate  toward  a DABS  aircraft,  issuance  of  vertical 
commands  to  the  DABS  aircraft  may  be  ineffective.  The  vertical  rate  of  the 
uncommanded  aircraft  may  cancel  the  rate  achieved  by  the  commanded  aircraft 
(the  vertical  chase  problem).  Even  when  the  commanded  aircraft  is  able  to 
respond  at  a greater  rate  than  the  threat,  it  may  be  forced  to  climb  or  descend 
through  an  excessive  distance.  The  Version  3 logic  added  a provision  for  requiring 
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horizont  1 resolution  whenever  an  un  omm.’nded  aircraft  has  a vertical  rate 
of  ZDTH  (160  fpm)  or  greater  in  the  direction  toward  the  DABS  aircraft  at  the 
time  of  command  generation.  This  change  has  proven  only  partially  successful 
since  the  algorithm  may  still  issue  and  sustain  ineffective  vertical  commands 
if  the  estimated  vertical  rate  of  the  uncommanded  aircraft  does  not  exceed 
ZDTH  until  after  commands  are  generated  (see  Examples  8 and  9 of  Appendix  D) . 

In  Version  1 vertical  commands  were  chosen  whenever  one  aircraft 
of  the  pair  had  a speed  greater  than  150  knots.  This  logic  was  based  upon 
certain  assertions  concerning  the  relative  effectiveness  of  horizontal  .uid 
vertical  commands  for  aircraft  of  varying  performance  levels.  Initially  this 
logic  would  issue  vertical  commands  to  a slow  DABS  aircraft  in  conflict  with 
an  ATCRBS  aircraft  of  groundspeed  150  knots  or  greater.  This  logic  was  altered 
in  Version  3 to  apply  the  speed  discriminant  to  commanded  aircraft  only. 

4.4  Horizontal  Resolution  for  Non-accelerating  Encounters 

4.4.1  Effects  of  Dissimilar  Speeds 

Special  considerations  arise  when  an  attempt  is  made  to  resolve  an 
encounter  between  aircraft  of  greatly  differing  speeds  by  maneuvering  only 
the  slower  aircraft.  First,  a given  heading  change  by  the  slower  aircraft 
is  less  effective  m altering  miss  distance  than  a similar  heading  change  by 
the  faster.  In  certain  geometries  modest  heading  changes  by  a faster  aircraft 
can  negate  the  avoidance  attempts  of  the  slower  (see  Example  10  in  Appendix  C) . 
Furthermore,  there  is  a heading  for  the  slower  aircraft  which  results  in  max- 
imum miss.  If  an  attempt  is  made  to  maneuver  an  aircraft  which  is  already 
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flying  ac  this  Dptimum  heading,  the  miss  distance  will  decrease.  In  some 
situations  tlie  miss  may  be  decreased  to  zero  by  a turn  in  eitlier  direction 
(see  Kxainple  11  of  Appendix  C) . All  these  statements  are  demonstrated  ana- 
lytically in  Appendix  A. 

The  IPC  algorithm  does  not  consider  the  existence  of  an  optimum  heading 
in  deciding  to  issue  commands.  As  a result,  aircraft  may  be  turned  when  they 
are  already  at  or  near  the  optimum  heading.  They  may  also  be  turned  past  the 
optimum  lieading  and  back  into  conflict  (see  Examples  12  and  13  of  Appendix  C) . 
The  IPC  algorithm  does  not  recognize  situations  in  which  a turn  in  either 
direction  can  bring  the  aircraft  to  a collision  course.  If  the  conflict 
detection  logic  requests  commands  in  such  a situation,  commands  will  be  issued. 

It  is  of  course  possible,  if  resolution  is  begun  early  and  if  the  slower 
aircraft  maneuvers  through  a large  enough  angle,  to  force  the  aircraft  through 
tlie  collision  geometry  before  closest  approach.  In  that  case  the  turn  only 
makes  the  situation  worse  momentarily  before  making  it  better.  However,  such 
resolution  strategies  are  risky  when  the  rate  and  degree  of  compliance  that 
can  be  expected  from  the  pilot  are  uncertain,  or  when  the  time  available  for 
resolution  is  short.  Furthermore,  pilots  who  visually  acquire  often  interpret 
commands  which  oppose  the  existing  miss  as  evidence  that  the  system  has  an 
incorrect  perception  of  the  situation. 

4.4.2  Rule  A Commands  Which  Oppose  Existing  Miss 

Command  selection  Rule  A turns  each  aircraft  away  from  the  bearing  of 
the  other  in  an  attempt  to  decrease  the  closure  rate  to  zero.  The  relative 
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motion  aiialNsis  (Appendix  A)  reveals  tliat  this  normally  means  that  at  least 
one  ai reraft  is  eonmuinded  to  turn  in  a direction  that  decreases  miss  distance. 
Negative  commands  issued  under  Rule  A have  the  effect  of  prohibiting  one 
aircraft  from  turning  in  ttie  direction  wliich  would  increase  miss  distance,  hut 
allowing  a turn  which  would  eliminate  miss  distance  (see  Example  14  in  Appen- 
dix C)  . 

Tills  strategy  is  effective  in  cases  in  whicli  the  closure  rate  is  forced 
through  zero  at  adequate  range.  However,  if  the  aircraft  docs  not  comply 
vigorously  enough  or  if  tlie  threat  develops  too  rapidly,  the  closure  rate  may 
not  be  eliminated.  The  effect  of  the  command  may  then  be  that  aircraft  are 
placed  on  collision  courses. 

4.4.3  Use  of  Rule  A For  DOT  > 0 

Rule  A of  the  IPC  horizontal  command  selection  logic  (turns  each  aircraft 
away  from  the  current  location  of  the  other).  This  rule  chooses  a direction 
liepending  upon  wliether  the  threat  aircraft  is  in  the  right  hemisphere  (bearings 
positive  0°  to  +180'‘^),  or  left  hemisphere  (bearings  negative  -180°  to  0°).  Fig. 4-3 
illustrates  a geometry  in  which  this  rule  results  in  questionable  commands. 
Normally  Rule  A is  not  applied  in  this  geometry  because  the  logic  recognizes 
tills  geometrical  situation  and  applies  Rule  C instead  (thus  assuring  offoctivo 
right/left  commands).  However,  if  the  range  rate  is  positive  the  liorizont.il 
command  selection  logic  will  force  Rule  A to  be  applied.  (The  range  rate  can 
be  positive  at  the  time  of  command  generation  if  aircraft  are  closing  verti- 
cally so  that  vertical  tau  delays  command  generation  until  after  horizontal 
closest  approach).  Example  15  in  Appendix  C illustrates  this  phenomenon. 
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Klg.  A-3.  r.eomi’try  in  which  application  of  Rule  A results 
in  ineffective  commands. 
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4.4.4  Ciuirso  Kocoverv 

TI\o  I PC  sy.stt'm  Is  designed  to  assume  control  only  when  certain  alarm 
tlireslu) Ills  are  violated.  When  control  actions  succeed  in  driving  alarm  var- 
Ibles  above  the  critical  thresholds,  control  is  dropped  and  aircraft  are  free 
to  recover  their  original  courses.  Flight  test  experience  has  shown  tliat  in 
certain  cases  this  approacli  leads  to  incomplete  and  unacceptable  resolution 
due  to  the  fact  the  aircraft  are  unable  to  safely  recover  their  initial 
headings  after  commands  are  dropped. 

An  example  of  this  phenomenon  is  provided  in  Fig.  4-4.  Here  resolution 
was  attempted  by  turning  one  aircraft  away  from  the  other  in  order  to  elimi- 
nate the  closure  rate.  This  turn  was  successful  in  its  objective  and  col- 
l isioii  avoidance  commands  were  dropped.  At  this  point  the  pilot  who  had 
turned  liad  a PWI  indication  indicating  traffic  at  his  six  o'clock  position. 

He  turned  back  to  recover  Ills  original  course  and  a second  collision  hazard 
arose.  Because  of  the  acceleration  involved  in  recovery,  the  second  set  of 
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Immediate  return  to  course  maneuvers  are  typical  of  subject  pilots  (see 
Section  3). 
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Fig.  4-4.  Plot  of  encounter  in  which  attempt  to  recover  course 
resulted  in  second  collision  threat. 


avoidance  commands  were  late  and  the  net  effect  of  Intervention  by  the  col- 
lision avoidance  system  was  to  reduce  the  miss  distance.  An  analysis  of  this 
particular  encounter  in  bearing  space  (Fig.  4-5)  reveals  the  nature  of  the 
general  phenomenon.  Point  A corresponds  to  the  encounter  locus  Just  before  the 
maneuver  command  was  effected.  Point  B corresponds  to  the  locus  just  after  the 
command  was  effected.  Note  that  the  maneuver  has  forced  the  locus  across  the 
U=0  contour  and  that  the  direction  of  natural  motion  is  consequently  reversed. 

'llie  naiu'ai  motuni  which  takes  place  at  the  new  heading  opposes  the  miss  dis- 
tance which  existed  initially.  Thus  when  the  aircraft  returns  to  course  (C  to  D) 
the  locus  returns  to  the  vicinity  of  the  ti~0  contour. 

Such  behavior  tends  to  arise  when  the  turn  to  decrease  the  closure  rate 
reciuites  (-tossing  the  p-U  lontcur,  1 e.,  tuining  through  a zero  miss  dis- 
tance heading.  In  such  a case  the  Integrated  result  of  maneuvering  and 
returning  to  course  can  decrease  miss.  This  difficulty  does  not  arise  for 
maneuvers  which  maintain  the  sign  of  the  initial  miss  distance  since  any 
natural  motion  which  occurs  will  then  reinforce  the  initial  miss  distance. 

Although  the  example  utilized  above  involves  only  a single  commanded 
aircraft,  a similar  phenomenon  has  been  observed  when  both  aircraft  are 
commanded.  For  equal  speed  aircraft  executing  symmetric  (mirror  image) 

Rule  A turn-away  commands,  the  miss  distance  which  will  exist  after  course 
recovery  will  be  identical  to  the  miss  distance  before  commands.  The 
symmetry  must  be  broken  In  order  for  the  aircraft  to  recover  course  with  a 
modified  miss  distance. 
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4.5  Resolui iop  of  Maneuvering  Encounters 


Especially  severe  heading  uncertainties  can  arise  when  pilots  initiate 
turns  |>rior  to  tlie  time  at  whlcli  collision  avoidance  instructions  are  gene- 
rated. As  was  discussed  in  Section  4.1,  tlie  tracker  estimate  of  heading  tends 
to  lag  behind  the  actual  heading  during  turns.  This  tracking  lag  can  readily 
exceed  40^.  An  equally  significant  component  of  the  total  uncertainity  is  the 
heading  cliange  wliich  may  take  place  between  the  time  Instructions  are  generated 
and  the  time  at  which  the  pilot  effects  the  Indicated  maneuver.  If  a turn  at 
a rate  of  4^^/sec  is  underway,  and  if  the  time  required  for  message  transmission 
and  pilot  rc  j..  tion  is  10  seconds,  then  the  pilot  will  turn  an  additional  4o" 
during  the  response  delay.  Thus  a total  uncertainity  of  + may  exist.  The 
effect  of  such  uncertainties  upon  resolution  success  is  discussed  below. 

4.5.1  Reduced  Warning  Time  Due  To  Acceleration 

When  aircraft  are  turning  in  directions  which  increase  the  closure  rate, 
the  estimated  value  of  T'H  may  grossly  overestimate  the  time  available  before 
collision.  Example  16  of  Appendix  C illustrates  a case  In  which  the  tan 
threshold  is  64  seconds,  luiL  commands  are  not  transmitted  to  tlie  aircraft 
until  about  16  seconds  before  closest  approach  (the  TH  estimate  decreases 
from  195  seconds  to  50  seconds  In  one  scan).  Such  encounters  may  still  be 
resolvable  if  commands  are  in  the  most  effective  directions  (see  next  para- 
graph) and  If  pilots  comply  with  immediate  and  forceful  maneuvers.  However, 
any  less  favorable  conditions  can  result  in  resolution  failure.  It  should  be 
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noted  that  in  such  accelerating  encounters,  increasing  the  value  of  the  TH  ! 

threshold  has  little  effect  upon  the  time  at  which  conunands  are  issued. 

4.5.2  Determination  of  Command  Directions  | 

The  impact  of  large  heading  uncertainties  upon  command  selection  can  be 

understood  in  bearing  space  by  considering  the  extent  to  whicli  the  encounter  i 

locus  is  displaced  by  possible  differences  between  the  bearings  at  which 
commands  are  generated  and  the  bearings  at  which  the  commands  are  effected. 

For  example,  an  encounter  which  is  estimated  to  be  at  locus  "A"  in  Fig.  4-6 
may  actually  be  at  any  point  within  the  indicated  rectangle  by  the  time 
commands  are  effected.  If  the  uncertainties  are  such  that  the  locus  moves 
from  "A"  to  "B"  then  commands  which  were  selected  to  increase  the  perceived 
miss  distance  at  ”A"  (i.e.,  move  the  locus  toward  y = -1)  will  actually  force 
the  aircraft  back  toward  a collision.  Such  detrimental  commands  are  quite 
likely  whenever  the  aircraft  are  maneuvering  from  a region  in  which  one  set 
of  command  directions  are  appropriate  into  a region  for  which  the  opposite 
command  directions  are  appropriate. 

Examples  17,  18,  and  19  of  Appendix  C illustrate  encounters  in  which  IPC 
commands  turned  aircraft  toward  the  collision  threat.  Example  20  is  an 
Interesting  case  in  which  a negative  command  was  in  the  wrong  direction  due 
to  accelerations  by  one  aircraft. 

4.5.3  Design  Changes  Required  to  Accommodate  Accelerating  Aircraft 

Analysis  of  resolution  failures  caused  by  aircraft  acceleration  indicates 

that  the  capability  of  IPC  to  accommodate  such  situations  could  be  greatly 
improved  by  efforts  in  the  following  areas: 
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a)  Trac’kjaij;.  Tlio  tracker  parameters  can  be  adjusted  to  better  reflect 
actual  surve  i 1 1 ance  quality.  The  ability  of  the  tracker  to  follow 
turns  can  be  improved  by  taking  aircraft  speed  and  turn  detection 
reliability  into  account.  However,  it  should  be  reiterated  tliat 
tracker  lag  is  not  the  only  source  of  resolution  problems  for  maneuver- 
ing aircraft.  I'liis  was  demonstrated  by  simulating  maneuvering 
encounters  for  which  resolution  was  unsatisfactory,  but  employing 

for  simulation  purposes  essentially  perfect  track  estimates.  In 
most  cases  even  perfect  estimates  can  eliminate  only  one  scan  i)t 
alarm  delay  or  a fraction  of  the  total  uncertainty  in  tlie  future 
trajectory.  Improved  tracking  miiy  be  a necessary  condition  for 
achieving  the  desired  performance  level,  but  it  is  not  by  Itself 
sufficient  (see  paragraphs  below). 

b)  ilf  turn  dete^'Jilon  In  choosing  strategy.  It  should  be  noted 
tliat  currentlv  the  turn  detection  logic  is  used  only  to  improve 
the  estimation  of  the  current  aircraft  heading.  Many  turning 
encounters  cannot  be  resolved  unless  the  IPC  algorithm  also 
utilizes  turn  information  in  choosing  the  resolution  str;itegy. 

For  instance,  in  cases  where  continuation  of  an  existing  turn  would 
result  in  adequate  separation  it  is  better  for  IPC  to  issue  commands 
which  are  consistent  with  the  existing  turn  rather  than  to  attempt  to 
reverse  tlie  turn.  In  IPC  flight  tests,  it  has  been  observed  that 
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ait<'iii|)t  s to  r solvo  i iicoiintors  by  reversing  existing  tu' ns  are  often 
ineffective  One  re.ison  for  this  is  the  fact  tliat  the  response  delay 
is  effectively  doubled.  For  example,  if  the  pilot  requires  10  sec- 
onds to  reverse  his  turn,  an  additional  10  seconds  is  required  just 
to  turn  back  to  the  heading  which  existed  wlien  commands  were  received. 
It  is  also  possible  that  the  existing  turn  is  necessary  due  to  factors 
of  which  tlie  IPC  system  is  unaware  (e.g.,  clouds,  non-beacon  air- 
craft, etc.).  If  the  existing  turn  does  not  assure  resolution, 
then  vertical  commands  should  be  considered, 
c)  Improved  alarm  criteria.  The  critical  IPC  alarm  variables  such  as 
tau  and  miss  distance  are  calculated  under  an  implicit  assumption 
of  rectilinear  flight.  When  headings  are  changing,  the  calculated 
values  can  vary  greatly  from  scan-to-scan.  One  cannot  protect 
against  this  uncertainty  merely  by  increasing  the  alarm  thresholds 
since  the  thresholds  then  required  would  produce  intolerably  conserv- 
ative alarms  in  many  cases.  However,  the  IPC  algoritlim  can  be  made 
to  use  alarm  criteria  which  take  potential  or  detected  turns  into 
account  in  a relatively  efficient  manner,  i.e.,  which  set  an  alarm 
flag  only  when  a maneuver  would  be  truly  hazardous.  The  additional 
alarm  thus  geneiated  may  result  in  increased  issuance  of  negative 
commands,  but  need  not  cause  an  increase  in  the  number  of  positive 
commands  (see  item  d) . 
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l^rovtMil  ion  of  adverse  mmeuvers.  The  IPC  system  is  capable  of  pre- 


d I 


venting  maneuvers  which  would  create  resolution  problems.  One  manner 
in  wliicli  this  IS  done  is  the  issuance  of  I’Wl  warnings  to  the  pilot  in 
order  to  allow  liim  to  acquire  his  traffic  visually.  In  many  cases  it 
can  be  assumed  th.it  I’Wl-aided  visual  acquisition  will  prevent 
m.ineuvers  which  lucre. ise  the  hazard.  However,  even  with  PWl  adverse 
maneuvers  can  still  occur  under  the  following  conditions: 

1.  A pilot  may  Initiate  a maneuver  before  PWI  alarms  appear  and 
continue  the  maneuver  until  receiving  commands. 

1.  A pilot  receiving  .i  PWI  from  tlie  six  o'clock  sector  in  wtiich 

Ills  view  is  obstructed  by  the  airframe  may  perceive  a turn  as  an 
acceptable  option  for  a tail  chase  situation  and  turn  in  either 
direction. 

A pilot  may  turn  in  order  to  rotate  obstructing  airframe  and 
acquire  the  traffic  indicated  by  the  PWI. 

A pilot  may  initiate  .i  maneuver  which  he  thinks  will  resolve 
the  conflict  and  receive  IPC  commands  whlcli  reverse  his  maneu- 


3 


4. 


ver . 


5. 


A pilot  may  fail  to  locate  the  traffic  indicated  by  tlie  PWI 
and  maneuver  anvway  on  the  assumption  that  if  tlie  maneuver 
is  not  acceptable,  the  IPC  system  will  issue  furtlier  alarms. 
This  reaction  is  sanctioned  by  the  Pilot's  Guide  to  Intermittent 
Positive  Control  (Ref.  6). 

An  ATCRBS  aircraft  may  maneuver  toward  a HABS  .lircralt. 


1 
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Although  It  IS  impossible  to  find  a collision  avoidance  strategy  which 


is  a ways  effective  in  case  6,  the  other  cases  can  be  solved  within  the 
framework  of  IPC.  One  approach  is  to  identify  those  geometries  in  which 
maneuvers  can  produce  resolution  failure  and  issue  negative  coimnands  which 
instruct  tlie  pilot  not  to  maneuver  in  specified  directions.  Such  commands 
can  prevent  a pilot  from  inadvertently  blundering  into  situations  in  wliich 
IPC  offers  insufficient  protection.  This  concept  is  consistent  with  the 
description  of  the  negative  command  philosophy  which  states  that  the  negative 
command  is  issued  to  the  pilot  when  his  current  trajectory  is  satisfactory 
but  a hazard  would  develop  if  he  were  to  maneuver  (Ref.  1).  However,  the 
current  algorithm  in  fact  does  not  consider  issuance  of  negative  commands 
until  a hazardous  closure  rate  has  already  been  established. 

It  has  also  been  observed  that  such  negative  commands  are  generally 
needed  in  situations  in  whicli  their  violation  is  certain  to  produce  positive 
IPC  commands  (Ref.  1).  Under  such  conditions  negative  commands  result  in  no 
real  increase  in  the  restrictions  which  IPC  is  imposing  upon  the  pilot  — it 
is  just  a question  of  Informing  the  pilot  that  he  is  restricted  by  nearby  tr.iffic 
rather  than  allowing  him  to  be  surprised  by  tlie  restriction  when  lie 
inadvertently  precipitates  positive  commands. 

A. 6 Three-Dimensional  Resolution 

The  IPC  command  selection  logic  attempts  to  select  eitlier  lu'rizontal 
commands  which  ensure  horizontal  separation  or  vertical  comm.inds  whicli  ensure 
vertical  separation.  The  command  directions  which  the  logic  cliooses  in  one 
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plane  are  Independent  of  Che  dynamics  of  the  encounter  in  the  other  plane. 

In  many  situations  this  approach  is  acceptable,  but  in  certain  cases  failure 

to  consider  all  three  dimensions  simultaneously  can  result  in  an  inability 

to  select  proper  commands.  In  particular,  whenever  vertical  rates  exist 

horizontal  maneuvers  can  decrease  the  vertical  component  of  tliree-dimensional 

closest  approach.  In  order  to  see  this,  consider  a quantity  defined  as 

the  vertical  separation  which  will  exist  at  the  time  of  horizontal  closest 

approach  (when  [u|  = 1).  The  actual  slant  (3D)  range  at  closest  approach  is  tlien 
/ 2 2 

"I  • f'or  aircraft  which  are  converging  in  altitude  at  a constant  rate, 
the  altitude  difference  is  a linear  function  of  the  time  to  closest  hori- 

zontal approach,  t„. . If  z and  z are  the  altitude  separation  and  altitude 
CA  o o 

rate  at  a given  time,  then 


CA  o o CA 


Therefore,  a contour  in  bearing  space  which  defines  a constant  t^^  also 
defines  a constant  value  of  A set  of  such  contours  is  provided  in 

Fig.  4-7  for  a speed  ratio  of  1:2.  The  greater  the  vertical  rate,  the  greater 
will  be  the  variation  of  Z^^  with  If  there  is  no  vertical  velocity,  then 

each  tp^  contour  corresponds  to  the  same  Z^^  value  (i.e.,  Z^^  = z^)  and  bearing 


locus  has  no  effect  upon  the  vertical  separation. 


Possible  t^^  values  (in  units  of  r/V^)  run  from  !/(!+>)  to  !/(!->).  When 

the  time  to  zero  altitude  separation,  -z  /z  , is  within  this  range,  a contour 

o o 
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exists  for  which  z Is  zero.  If  the  contour  of  zero  horizontal  miss  distance 
(..A 

(u  “ 0)  intersects  this  contour,  then  the  point  of  intersection  is  the  bearing 
locus  at  wijich  a true  31)  collision  will  occur  (because  for  that  locus  vertical 
and  horizontal  separation  will  reach  zero  simultaneously). 

Three  dimensional  considerations  are  especially  important  when  an  uncom- 
maiuled  aircraft  has  a vertical  rate.  In  this  case  it  is  often  impossible  to 
resolve  the  encounter  by  simply  maneuvering  the  commanded  aircraft  away  frtan 
the  threat  altitude  since  the  achievable  vertical  rate  may  be  cancelled  by  the 
vertical  rate  of  the  threat,  or  the  magnitude  of  the  required  altitude  change 
may  exceed  allowable  limits  (see  discussion  of  the  vertical  chase  problem 
in  Section  4.3).  It  is  desirable  to  use  horizontal  resolution,  but  the  current 
ll’i;  algorithm  may  eliminate  vertical  separation  in  attempting  to  Increase 
horizontal  separation.  As  an  illustration,  consider  an  encounter  at  "X"  in 
Fig.  4-8.  Turns  ti>  points  A and  H both  drive  the  horlzi>ntal  miss  distance  to 
zero.  But  whereas  iioint  B represents  an  actual  31)  collision,  point  A repre- 
sents a case  in  which  altitude  separation  will  exist  when  the  aircraft  pass 
through  the  same  horlziintal  position.  Thus  a turn  to  decrease  bearing  is  a 
possible  resolution  option  whereas  a turn  to  Increase  bearing  is  not.  Such  a 
conclusion  cannot  be  reached  by  an  algorithm  which  determines  the  direction  of 
horizontal  avoidance  without  reference  to  the  31)  situation.  Example  21  of 
Appendix  C presents  a flight  test  encounter  in  which  the  above  phenomena  is 
evident . 

4.7  ll’C  Performance  in  IFR/VFR  Encounters 
4.7.1  Desi-r  IpLlon  of  IFR/VFR  Logic 

Wlien  an  I FR  aircraft  is  in  conflict  with  a VFR  aircraft,  ll’C  attempts 
' i .-.uaiu  e i>l  comm.UKls  to  the  IFR  aircraft  by  maneuvering  the  VFR 
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(DEGREES) 


V2/Vl  = 1/2  ]aTC-85(4-8)[ 


Kig.A-8.  'Dirco  dlmonsional  considerations  In  onconntor  for  wldcli 
horizontal  command  affects  vertical  miss. 
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.liii-r.ilt  llrsi.  Ill  Vorsimi  I this  stratt'KV  w.is  iniplfnii'iiteil  by  usliiy.  lar^or 
tail  t liroshi' Ills  tor  tlu‘  \ KR  aircraft.  This  li'nli-  was  ultcii  success!  iil  , but 
till'  r.ite  of  comm.iiuls  to  the  ITR  . liter. ift  was  still  an.iccept  ab  le  to  the  .il- 
ytorithiii  lies Ijtiiers . llonsequeiit  ly  in  Version  lo^ic  w.is  adiieil  to  further 
suppress  coniiii.iiuls  to  the  1 KR  .lircraft.  The  |irliii.iry  fe.Uuri“  .uiiK-il  w.is  .1 
comp  I L. nice  ti-st  which  reituces  IFR  command  thresholds  whenever  it  h.is  been 
determined  th.it  the  VKR  .lircraft  has  compiled  with  comin.inds.  The  comp  1 i .iiui' 
test  is  made  onlv  once.  it  is  made  when  either  t.iu  (TH)  drops  below  K) 
seconds  or  when  27  seconds  pass  without  comm.inds  beiny;  dropped.  tlompliance 

I') 

is  del  ined  as  .1  tr.icked  turn  of  30  in  the  direction  of  .1  horizont.il  comm.iiui 
or  a tracked  altitude  change  of  200  feet  in  the  direction  of  .1  vertic.il  command. 
If  the  VKR  aircraft  is  declared  to  be  in  compliance,  then  the  t.ui  threshold 
for  commands  to  the  TFH  aircraft  is  reduced  to  15  seconds.  if  the  VKR  .lircraft 
ts  found  not  to  be  in  compliance,  then  commands  are  recomputed  .ind  issued 
in  both  dimensions  to  both  aircraft. 

Another  fe.iiure  of  Version  3 was  reduction  of  the  positive  command  miss 
distance  threshold  for  the  IKR/VFR  encounters  from  l.O  nmi  to  0.5  nmi . A 
test  which  increased  I KR  tau  thresholds  when  the  VKR  aircraft  was  faster 
W.IS  dropped. 

a.  7. 2 IKR/VKR  Kltjtht  Test  Results 

ITie  following  paraj^raphs  Identify  specific  aspects  of  IKR/VKR  performance 
which  are  relevant  to  the  question  of  system  accept.ib  1 1 1 ty . 
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(a)  In  the  110  IFR/VFR  encounters  flown  using  the  full  IFR/VFR  logic  with 

subject  pilots  operating  the  VFR  aircraft,  commands  to  the  IFR  aircraft  were 

averted  half  the  time.  The  breakdown  of  IFR  encounters  was  as  follows: 

No  commands  to  IFR:  55  cases 

Negative  command  to  IFR:  18  cases 

Single  positive  command  to  IFR:  12  cases 

Double  Positive  Command  to  IFR:  25  cases 

(b)  The  compliance  test  is  ineffective  in  preventing  positive  conmiands  to  the 
IFR  aircraft.  It  can  succeed  only  when  a very  special  sequence  of  events 
occurs  according  to  the  following  scenario: 

i 

The  VFR  aircraft  acknowledges  and  maneuvers  in  compliance  with  liis 

IPC  command,  but  either  tau  drops  below  30  seconds  or  commands 

persist  for  27  seconds.  A test  for  compliance  is  made.  The  VFR 
aircraft  is  found  to  be  in  compliance,  and  commands  are  not  Issued 
to  the  IFR  aircraft.  The  encounter  is  finally  resolved  without 
tau  going  below  15  seconds. 

In  flight  tests  this  scenario  was  practically  never  realized  for  the 
following  reasons: 

1.  When  the  VFR  aircraft  maneuvers  promptly,  tau  may  never 
go  below  30  seconds  and  the  compliance  test  may  never 
be  exercised. 

2.  Due  to  the  tracker  lag,  the  VFR  aircraft  is  often  declared 
not  to  be  in  compliance  even  when  he  is  responding;  then 
the  compliance  check  results  in  commands. 

3.  Wljen  tau  goes  below  30  seconds  it  often  also  goes  below  15 
seconds  and  commands  are  Issued  In  spite  of  tlie  compliance 
test . 

I 
I 
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4. 


When  the  VFR  heading  changes,  horizontal  miss  distance 


! 


j 


I 


1 


1 


tends  to  increase  above  the  3000  foot  threshold  and  posi- 
tive commands  are  replaced  by  negative  commands. 

5.  The  system  may  declare  the  VFR  aircraft  non-complying 
without  allowing  sufficient  time  for  compliance  (see 
following  paragraphs) . 

6.  If  the  VFR  pilot  fails  to  acknowledge  commands  within  8 
seconds,  commands  are  sent  immediately  to  the  IFR  aircraft. 

(c)  The  fact  that  the  VFR  aircraft  has  turned  30°  or  climbed  200  feet  does 
not  necessarily  mean  that  the  collision  hazard  has  diminished.  Appendix  A 
discusses  situations  in  which  a slower  aircraft  can  turn  90°  or  more  and 
still  be  on  a collision  course.  In  the  vertical  plane  a 200  foot  altitude 
change  by  the  VFR  aircraft  is  also  of  questionable  value  since  the  altitude 
reports  themselves  are  quantized  in  100  feet  increments.  Altimeter  errors 
and  normal  altitude  variations  by  the  IFR  aircraft  can  quickly  erase  the 
separation  generated  by  such  compliance. 

(d)  The  15  second  tau  threshold  is  Inadequate  to  assure  resolution  when  a 
maneuver  by  the  IFR  aircraft  is  required  to  avoid  collision.  The  4-second 
scan  period  of  the  DABS  system  can  result  in  commands  being  delivered  almost 
8 seconds  after  tau  decreases  to  15  seconds.  Although  horizontal  tau  is 
modified  so  that  tlme-to-collision  is  greater  than  the  actual  tau  value, 

the  extra  lead  time  provided  in  higher  closure  rate  situations  is  not  signifi- 
cant. Furthermore,  vertical  tau  is  not  modified.  Thus  if  the  closure  rate 
is  high  or  if  aircraft  are  closing  vertically,  commands  may  reach  the  IFR 
pilot  only  a few  seconds  before  collision. 
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(e)  The  recomputation  which  is  called  for  when  the  VFR  aircraft  is  declared 
to  be  non-complying  often  reverses  the  direction  of  turn  commands.  See 
Section  4.8  for  discussions  of  the  detrimental  effects  of  such  reversals. 


(f ) The  strategy  of  issuing  commands  to  the  VFR  aircraft  without  issuing 
commands  (or  in  some  cases  traffic  advisories)  to  the  IFR  aircraft  does 
not  assure  safety.  Minor  course  changes  by  the  uniformed  IFR  aircraft  may 
caticel  the  effect  of  the  VFR  aircraft's  maneuver.  This  is  especially  true 
when  the  IFR  aircraft  is  faster.  The  philosophy  of  allowing  IFR  aircraft  to 
approach  very  close  to  VFR  traffic  while  receiving  no  information  otlier  than 
PWI's  should  be  re-examined.  Examples  22  and  23  of  Appendix  C illustrate 
cases  in  which  no  IPC  messages  were  sent  to  the  IFR  aircraft  until  after  the 
IFR  pilot  had  Initiated  liazardous  turns. 

(g)  Change  M-15  of  Version  4 was  introduced  in  order  to  reduce  the  frequency  of 
commands  to  IFR  aircraft  when  IFR  and  VFR  aircraft  are  flying  with  approximately 
500  feet  of  altitude  separation  (a  separation  often  resulting  from  tlie  cruise 
altitude  recommendations  of  FAR  91.109  and  91.121).  The  IFR  aircraft  will  not 
receive  positive  commands  unless  TH  is  less  than  30  seconds  or  the  altitude 
separation  is  less  than  370  feet.  When  the  VFR  aircraft  is  ATCRBS  this  logic 
makes  resolution  success  highly  dependent  upon  whether  or  not  the  ATCRBS  air- 
craft holds  its  altitude.  If  the  ATCRBS  aircraft  begins  to  climb  or  descend 
toward  the  IFR  aircraft,  then  vertical  tracker  lag  can  result  in  positive 
commands  being  issued  to  the  IFR  at  a time  too  late  to  be  effective  (see 
Example  24  of  Appendix  C) . 

(h)  In  encounters  between  VFR  ATCRBS  aircraft  and  IFR  DABS  aircraft,  commands 
are  selected  for  the  pair  when  the  VFR  command  thresholds  are  violated. 
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The  command  to  the  ATCRBS  a In  raft  cannot  be  delivered,  but  is  stored  in  the 
pair  record  never tlieiess . The  command  to  the  IFR  is  also  stored  and  is  issued 
if  and  when  the  IFR  command  thresholds  are  violated.  This  may  occur  many 
scans  after  tlie  command  was  first  generated.  Since  the  motion  of  neither 
aircraft  was  constrained  by  commands  during  the  storage  interval,  the  collision 
geometry  may  have  changed  considerably  by  the  time  the  command  is  issued. 

In  these  cases  the  command  may  be  "obsolete"  and  not  effective  in  resolving 
the  encounter.  Kxample  Ik  of  Appendix  C illustrates  this  phenomenon, 
ii ) Commands  in  both  the  horizontal  and  vertical  planes  are  routinely 
issued  when  VFR  DABS  aircraft  are  declared  to  be  non-complying.  But  there  is 


no  provision  for  Issuing  commands  in  more  than  one  plane  to  IFR  DABS  aircraft 
in  conflict  with  VFR  ATCRBS  aircraft.  Vertical  chase  problems  can  result 
(see  Example  24  of  Appendix  C) . 

( j)  If  the  compliance  test  fails,  commands  in  both  dimensions  are  transmitted 
to  the  IFR  aircraft.  These  dual  dimension  commands  are  more  disruptive  to 
flight  objectives  than  a single  dimension  command  would  be. 

( k)  Often  commands  to  the  IFR  aircraft  are  preceded  by  only  a single  scan  of 
flashing  PWI  or  by  ordinary  PWI  rather  than  flashing.  The  IFR  pilot  is  then 


unprepared  for  prompt  compliance. 

( 1)  In  some  cases  the  VFR  aircraft  receives  a climb/descend  command  before  the 
IFR  aircraft  receives  any  PWI  or  command.  If  the  IFR  aircraft  then  initiates 
an  altitude  rate  toward  the  VFR  aircraft,  it  is  possible  for  the  IFR  aircraft 
to  remain  close  enough  to  continue  the  command  to  the  VFR  but  at  a separation 
which  precludes  any  command  being  issued  to  Itself.  The  VFR  aircraft  can  be 
forced  to  make  excessive  altitude  changes  (see  Example  8 of  Appendix  C) . 


( m)  The  complying  VFR  aircraft  can  be  forced  to  make  excessive  magnitude  turns 
in  order  to  avoid  an  uncommanded  IKR  aircraft.  This  is  especially  true  in 
dynamic  situations  for  which  the  horizontal  maneuver  options  of  a slower  VFR 
aircraft  are  ineffective  (see  Section  4.4.1). 

( n)  VFR  subject  pilots  tended  to  resist  large  magnitude  turns  when  they 
had  visually  accjuired  tlieir  triiffic.  This  tendency  could  lead  to  double 
commands  being  issued  to  IFR  aircraft  in  a large  number  of  IFR/VFR  encounters 
(see  Section  4.4.1  for  further  discussion). 

(o)  If  negative  commands  are  issued  initially  then  positive  conmiands  are 
delayeil  even  though  tau  is  decreasing.  If  a negative-to-positive  transition 
tlien  occurs,  the  compliance  test  may  be  applied  immediately  due  to  ttio  30 
second  tau  test.  As  a result  IFR  and  VFR  aircraft  may  receive  initial  conmiands 
simultaneously  even  though  both  aircraft  were  complying  with  IPC  instructions 
(see  example  25  of  Appendix  D) . 

4.8  Other  Logic  Validation  Results 

4.8.1  Vertical  Commands  Near  Altitude  Crossover 

Special  difficulties  were  observed  in  selecting  the  direction  of  vertical 
commands  for  aircraft  which  possess  a significant  vertical  closure  rate  and  are 
within  a few  seconds  of  crossing  in  altitude.  In  sucli  cases  tlie  aircraft  could 
cross  in  altitude  before  the  commands  could  be  effected.  The  commands  were 
then  in  directions  which  forced  the  aircraft  back  toward  each  other.  Version  3 
added  logic  which  reverses  the  direction  of  positive  commands  whenever  verti- 
cal tau  (TV)  is  less  than  TVl  (8  seconds)  at  the  time  commands  are  generated. 
This  is  Intended  to  result  in  commands  which  reinforce  tlie  altitude  sep.iratiim 


81 


which  will  exist  by  the  lime  the  pilots  begin  responding  to  commands.  Wlien 
TV  is  between  TVl  (8  seconds)  and  TV2  (16  seconds)  horizontal  commands  are 
chosen  because  of  the  difficulty  in  choosing  suitable  vertical  command  direc- 
tions. Although  this  change  is  an  improvement  over  the  previous  logic,  it 
does  not  eliminate  all  difficulties.  The  uncertainties  in  the  TV  estimate  and 
in  pilot  response  times  are  large  compared  to  tiie  TV  thresholds  which  must  be 
employed.  In  some  cases  pilots  who  acquire  visually  shortly  before  commands 
are  issued  act  quickly  to  halt  their  climb/descent.  But  the  IPC  algorithm, 
with  estimated  vertical  velocity  lagging  behind  the  actual  velocity,  may  per- 
ceive an  imminent  altitude  cross-over  and  issue  reversed  commands.  The  aircraft 
are  then  commanded  to  maneuver  into  each  other.  Furthermore,  late  pilot 
response  or  overestimation  of  TV  can  still  lead  to  crossover  which  invalidates 
the  command  directions.  Fortunately,  in  these  cases  there  is  normally  suf- 
ficient time  to  overcome  the  effect  of  the  uncertain  altitude  dynamics  and 
achieve  vertical  separation  with  the  generated  commands.  It  is  easier  to 
assure  that  this  time  exists  than  to  attempt  to  define  logic  which  can  function 
in  the  face  of  such  uncertainties. 

4.8.2  Positive/Negative  Transition  Logic 

The  IPC  master  resolution  module  contains  logic  which  is  intended 
to  change  negative  commands  to  positive  commands  and  vice-versa  as  lequired. 

The  Version  1 logic  did  not  properly  transition  when  positive  commands  existed 
in  both  maneuver  planes.  In  this  case  the  horizontal  command  could  be  transi- 
tioned from  positive  to  negative  leaving  a superfluous  positive  vertical 
comrruind  on  the  display.  Change  M16  of  Version  4 was  intended  to  revise  the 
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logic  to  eliminate  this  problem.  However,  as  currently  defined  the  logic 
is  unsuitable  for  use  in  multiple  encounters  since  it  allows  critical  commands 
to  one  aircraft  to  be  deleted  due  to  positive/negative  transitions  undergone 
with  respect  to  a second  aircraft.  For  this  reason  the  change  was  never  fully 
implemented  in  the  test  bed  version  of  the  algorithm. 

Wlien  commands  have  been  issued  in  one  plane,  no  test  is  made  later  to 
determine  the  type  of  commands  which  would  suffice  in  the  other  plane.  The 
question  may  arise  as  to  whether  a negative  command  in  the  alternate  plane  can 
replace  a positive  command  in  the  original  command  plane.  In  some  cases,  as 
was  pointed  out  in  Section  4.3(a),  a negative  command  in  the  original  plane 
transitions  to  a positive  command  even  though  a negative  command  in  the 
alternate  plane  would  suffice.  It  is  also  possible  for  a positive  command  to 
continue  for  many  scans  when  a negative  command  in  the  alternate  plane  would 
be  adequate  (Example  26  of  Appendix  C) . 

4.8.3  Command  Reversals 

The  IPC  algorithm  may  recompute  the  direction  of  horizontal  commands 
during  an  encounter.  Such  recomputation  occurs  (1)  when  a positive/negative 
command  transition  takes  place,  (2)  when  a VFR  DABS  aircraft  is  declared  non- 
complying by  the  IFR/VFR  compliance  logic,  or  (3)  under  certain  conditions 
when  positive  commands  have  been  present  for  27  seconds  and  miss  distance  (MD) 
is  decreasing.  If  the  recomputed  command  is  in  a different  direction  than 
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the  original  command,  a pilot  will  be  instructed  to  reverse  the  direction  of 
Ills  maneuver.  Several  pilot  reaction  problems  associated  with  command  reversals 


are  discussed  in  Section  5.5.  Algorithmic  considerations  are  discussed  below. 

Reversal  of  command  directions  is  justified  in  cases  in  wliich  tlie  geometry 
of  tlie  conflict  has  changed  in  a manner  that  makes  the  original  commands  in- 
effective. But  the  U’C  logic  bases  the  decision  to  reverse  upon  criteria  wliich 
are  only  indirectly  related  to  whether  or  not  a reversal  is  truly  necessary. 

In  some  cases  commands  are  reversed  after  having  been  displayed  for  only  a 
single  scan  (see  Example  38  of  Appendix  C) . Reversals  can  occur  because  of  small 
changes  in  the  geometry  which  produce  a crossing  of  a decision  boundary  in  the 
command  selection  logic  (e.g.,  when  crossing  angle  changes  from  89.9'''  to  90.  l''' 
and  the  logic  switches  from  Rule  A to  Rule  B) . Flight  test  experience  indi- 
cates that  the  tracking  lag  and  pilot  response  delays  are  large  enough  to  make 
reliable  command  reversal  impossible  in  the  time  frame  in  which  ll’C  works.  In 
Section  4.5  it  was  pointed  out  that  when  aircraft  are  turning,  the  difference 
between  current  estimated  heading  and  the  heading  at  which  commands  are  effected 
can  be  very  large.  If  a turn  has  begun  due  to  the  initial  conmiand,  then  re- 
versal of  the  turn  will  lead  to  all  the  difficulties  inherent  in  command 
selection  for  maneuvering  aircraft.  In  the  worst  case,  aircraft  can  be 
commanded  to  zig-zag  back  and  forth  across  their  original  flight  paths  and 
the  effect  of  commands  upon  miss  distance  may  integrate  to  zero  (see  K.xample 
27  of  Appendix  C) . In  order  to  avoid  such  inappropriate  reversals,  the  IPC 
logic  must  be  capable  of  evaluating  the  effectiveness  of  existing  or  proposed 
commands  by  examining  the  actual  dynamics  of  the  encounter. 
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4.8.4  Pair  Logic  When  Only  One  Aircraft  is  Uncommanded 

The  IPC  concept  states  that  the  algorithm  will  choose  commands  which  pro- 
vide maximum  separation  regardless  of  whetlier  one  or  both  aircraft  maneuver. 

This  is  physically  impossible  in  most  cases.  Certainly  when  one  aircraft  is 
unequipped  the  command  selection  should  be  dependent  upon  whicli  aircraft  will 
receive  commands.  But  the  IPC  command  selection  logic  selects  command  directions 
without  regard  to  whether  one  aircraft  of  the  pair  is  uncommanded.  This  strategy 
is  especially  unsound  in  situations  in  whicli  only  one  aircraft  of  a pair  has 
an  effective  horizontal  maneuver  option  (see  4.4.1).  For  Instance,  when  Rule  C 
is  applied  tlie  aircraft  wlilch  is  further  from  path  crossing  is  normally  the 
only  aircraft  of  the  pair  which  can  effectively  maneuver.  In  these  cases  the 
command  selection  logic  may  assign  the  effective  maneuver  to  the  uncommanded 
aircraft  and  issue  the  ineffective  maneuver  to  the  conmianded  aircraft  (see 
Example  10  of  Appendix  0) . 

4.8.5  Multiple  Aircraft  Encounters 

Even  though  the  testing  of  multiple  aircraft  encounters  was  not  an  objec- 
tive of  the  IPC  flight  tests,  a number  of  such  encounters  occurred  inadvertently 
due  to  the  proximity  of  itinerant  ATCRBS  aircraft  to  the  two  DABS  aircraft 
conducting  intercepts.  The  details  of  IPC  performance  in  these  encounters  will 
not  be  reported  here  since  it  was  acknowledged  that  the  multiple  aircraft  logic 
as  it  now  exists  is  in  need  of  significant  revision.  But  it  has  become  evident 
that  several  aspects  of  IPC  behavior  in  pair  encounters  are  relevant  to  the 
success  the  system  may  expect  in  the  resolution  of  multiple  encounters. 
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a'-  The  Il’C  multiple  aircraft  logic  is  based  upon  the  concept  of  issuing 
commands  in  one  dimension  to  avoid  the  first  threat  and  using  a second  dimen- 
sion to  avoid  the  second  threat.  But  if  an  aircraft  has  commands  in  two 
dimensions  due  to  a single  threat,  no  options  remain  for  avoidance  of  addi- 
tional threats.  In  IPC  subject  pilot  flight  tests,  the  algorithm  issued 
commands  in  two  dimensions  in  approximately  one-fourth  of  the  encounters. 

b)  The  pairwise  structure  of  the  IPC  logic  makes  it  impossible  to 
establish  a preference  for  commands  which  will  avoid  two  aircraft  at  once.  There 
is  no  safeguard  against  selecting  a command  with  respect  to  one  threat  which 
makes  a second  threat  worse. 

c)  If  an  aircraft  maneuveis  more  than  is  necessary  to  avoid  one  threat 
his  maneuver  may  carry  him  into  hazard  with  respect  to  a second  threat.  Because 
IPC  tends  to  overcontrol  aircraft  and  has  little  control  over  the  final  heading, 
it  is  difficult  to  avoid  such  situations.  Wlien  an  aircraft  is  commanded  to  turn, 
a large  uncertainty  is  introduced  concerning  the  volume  of  airspace  into  which 

it  will  pass.  The  larger  this  uncertainty  is,  the  more  difficult  multiple 
resolution  will  be. 

d)  Commands  which  prolong  the  encounter  without  resolving  it  (see  Sec- 
tion 4.4.2)  increase  the  likelihood  of  multiple  aircraft  encounters. 

e)  The  IPC  logic  enforces  a symmetry  of  commands  which  requires  commands 
for  both  aircraft  of  a pair  and  requires  commands  in  the  same  plane  for  each 
pair.  This  eliminates  certain  options  for  multiple  aircraft  resolution. 
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4.9  Summary  of  Algorithm  Validation  Results 

The  IPC  logic  resulting  from  the  flight  test  program  is  highly  reliable 
in  its  ability  to  track  aircraft  and  identify  potential  collision  liazards.  The 
IPC  algorithm  demonstrated  an  ability  to  generate  commands  which  could  resolve 
many  encounter  situations  in  an  effective  and  acceptable  manner.  However,  per- 
formance was  unacceptable  for  encounters  with  certain  characteristics.  It  is 
helpful  to  define  two  categories  of  encounter  characteristics:  nominal  and  non- 
nominal  (see  Table  4.1).  The  IPC  logic  performance  was  generally  adequate  for 
the  resolution  of  nominal  encounters  (see  Table  4.2)  although  recovery  en- 
counters could  arise  even  there.  For  encounters  possessing  non-nominal 
characteristics  IPC  performance  v^/as  often  unacceptable.  Of  particular  concern 
were  situations  in  which  commands  had  a detrimental  effect  upon  aircraft  sep- 


aration. 


TABLE  4-1 


ENCOUNTER  CHARACTERISTICS 


*In  this  context  an  aircraft  is  not  IPC  controlled  if  it  is  either  not  IPC-equipped , 
uncommanded,  or  non-complying. 
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An  attempt  to  relate  the  observed  performance  problems  to  certain  teatures 
of  the  I PC  algoritlim  design  (Table  4.3)  provides  Insight  into  the  shortcomings 

i 

of  tile  curriMit  logic.  The  following  feature  of  the  design  are  most  sign!  I leant  ! 

I 

in  limiting  performance: 

a)  Delayed  resolution  strategy.  Delaying  commands  until  the  latest 

possible  time  at  which  safe  resolution  is  conceivable  makes  it  impossible  for  ] 

the  system  to  recover  if  some  element  of  the  resolution  scenario  does  not  turn 

init  as  anticipated.  ‘ 

b)  Incomplete  evaluation  of  encounter  dynamics.  The  available  tracking 

dat.i  concerning  aircraft  trajectories  is  not  utilized  to  full  advantagi-  In  : 

ileclding  when  to  Issue  commands  or  what  commands  to  issue.  The  command  issuauci' 
logic  which  treats  horizontal  and  vertical  planes  separately  fails  to  issue  ' 

commands  which  are  consistent  with  three-dimensional  encounter  situations. 

c)  No  explicit  consideration  of  uncertainties.  Possible  errors  in 
available  track  data  or  computed  quantities  .are  not  explicitly  consideiu'd  in 
m.aking  decisions.  Because  the  m.agnltude  of  ex|)ected  errors  often  varies  with 
range  or  geometry,  fixed  decision  thresholds  are  Inefficient.  Krrors  Induoeil 

by  unconstrained  accelerations  can  preclude  effective  resolution.  • 

d)  Indeterminate  turn  magnitude.  Once  maneuvers  begin,  the  IPO  system 
has  no  effective  control  over  the  heading  of  the  aircraft.  Aircraft  can  turn 
past  an  optimal  escape  heading  back  into  a collision. 

e)  Pairwise  logic  structure.  Commands  which  are  reasonable  when  both  | 

maneuver  may  not  be  reasonable  If  only  one  aircraft  is  to  be  commanded  (e.g.,  \ 


— ^ , 


TABLK  4.3 

OliSElWlil)  rERl'ORM,\;s'Ci;  I’UOBI.l’ML':  ('OUIUCLATICD  WITH  DESK'.N  ATTRIBUTES 


PERI'ORMANCE 
V PROBI.EM 


IPC\ 
DESUIN  N. 
ATTRIBUTE  > 

OELAYEl) 

RESOLUTION 
ST RAT EC Y 

INCOMPLETE 

EVALUATION 

OF 

ENCOUNTER 

DYNAMICS 

NO  EXPLICIT 
CONSIDERATION 
OF 

UNCERTAINTIES 

INDETERMINATE 
TURN  MAGNITUDE 


PAIRWISE  LOGIC 
STRUCTURE 


HAZARDS 


IFR  vs  VKR,  or  ATCRBS  vs  DABS).  Many  times  botli  aircraft  cannot  be  treated 
equally.  In  multiple  encounters,  the  second  threat  must  influence  the  command 
chosen  for  the  first. 

The  performance  problems  which  are  related  to  the  design  features  mentioned 
above  can  be  eliminated  by  Improving  the  algoritlimic  logic.  Specific  acommenda- 
tlons  for  such  improvements  are  included  in  the  Executive  Summary  preceding 
this  report. 
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5. 


SUBJECT  PILOT  RESULTS 


Testing  of  IPC  with  subject  pilots  was  used  to  evaluate  both  the 
ability  of  pilots  to  utilize  IPC  services  and  the  acceptability  of  IPC 
performance  from  the  pilot's  point  of  view.  The  test  procedures  used  in 
subject  pilot  testing  )iave  been  described  in  Section  3.2.  These  procedures 
attempted  to  create  a flight  i-nvlronment  as  close  to  normal  as  possible  in 
order  to  obtain  valid  pilot  reactions.  The  subjects  themselves  cooperated 
in  this  endeavor  by  maintaining  their  normal  flight  practices  and  suggesting 
changes  in  test  procedures  if  something  abnormal  was  noted.  A surprising 
variation  in  pilot  reactions  was  noted  according  to  pilot  beliavior  and 
encounter  situation.  Often  considerable  review  of  data  was  required  in 
order  to  sort  out  the  various  components  of  pilot  behavior.  Although 
eccentric  cases  can  be  found  which  violate  any  specific  pattern,  a general 
picture  of  pilot  reaction  l\as  emerged  which  has  far-reaching  implications  in 
the  design  of  collision  avoidance  systems. 

5.1  Visual  Acquisition  Performance  with  PWI 

The  role  which  PWI  assumes  in  a collision  avoidance  concept  is  dependent 
upon  the  extent  to  which  PWI  enhances  the  pilot's  ability  to  visually  acquire 
approaching  traffic.  The  IPC  flight  tests  provided  a substantial  body  of  data 
in  this  area.  Many  previous  investigations  of  visual  acquisition  either  did 
not  involve  subject  pilots  using  PWI  displays  or  were  conducted  with  ground 
simulators  which  could  only  partially  duplicate  the  visuiil  factors  of  actual 
flight.  For  this  reason,  a careful  look  at  the  relevant  IPC  test  data  is 
worthwhile . 
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Direct  pi esentat ion  >r  test  quisition  data  is  often  misleading  since 
the  dai.i  is  highly  dependent  upon  encounter  attributes  which  vary  greatly  from 
encounter  to  encounter  such  as  closure  rate,  target  size,  direction  of  approach, 
type  and  timing  of  PWl  warnings,  etc.  In  order  to  properly  Interpret  PWI 
flight  test  data,  a visual  acquisition  model  was  developed.  Figure  5-1  portrays 
ttie  relationship  between  the  factors  which  characterize  a given  searcli  situation 
and  tlie  quantities  derived  within  the  model.  This  model  permits  data  gathered 
under  a variety  of  approach  conditions  to  be  analyzed  as  examples  of  a common 
process  rather  than  as  unique  events.  This  section  discusses  the  visual 
acquisition  model  to  the  extent  required  to  explain  the  data  presented  in  this 
report.  Reference  9 contains  a more  complete  description  of  the  model  and  its 
use  for  prediction  of  acquisition  performance*. 

It  should  be  noted  that  the  following  limitations  apply  to  the  visual 
acquisition  data  presented: 

a)  Subject  pilot  flights  were  conducted  only  when  atmospheric  visibility 
of  three  miles  or  greater  could  be  obtained.  The  data  collected  tlms 
represents  a sampling  over  all  days  on  which  such  VFR  conditions 
prevailed.  The  visual  acquisition  model  can  be  used  to  predict  per- 
formance for  degraded  visibility,  but  no  validating  data  is  available 
for  such  conditions. 

b)  IPC  commands  were  often  received  before  visual  acquisition  had 
occurred.  Commands  may  have  somewhat  affected  the  subsequent 
probability  of  acquisition  (by  distracting  the  pilot) . 

* 

The  preliminary  data  analysis  in  Reference  9 is  based  upon  a partial  set  of 
flight  test  data  and  is  superceded  by  the  analysis  presented  here. 
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Fig. 5-1.  Relationship  between  factors  utilized  in  visual 
acquisition  modeling. 
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Visual  ac(iuisition  is  meiely  the  first  stage  in  successful  visual 


avoidance.  The  pilot  must  also  correctly  evaluate  the  threat  and 
execute  avoidance  maneuvers.  Further  discussions  of  this  point  can 


be  found  in  Section  5.2.2. 

5.1.1  Visual  Acquisition  as  a Poisson  Process 

The  basic  mathematical  innovation  utilized  in  tlie  model  is  to  cliaracter ize 
tlie  acquisition  process  in  terms  of  an  acquisition  rate,  whicli  varies  with 
search  conditions.  Acquisition  Is  then  a nonhomogenous  Poisson  process*  for 
whicli  a count  of  0 Indicates  that  no  acquisition  has  occurred  and  a count  of 
1 indicates  that  acquisition  has  occurred.  One  may  then  proceed  to  determine 
the  dependence  of  \ upon  the  variable  factors  and  to  compute  cumulative  ac(iui- 
sition  probabilities  from  a knowledge  of  X. 

Since  the  acquisition  r.  te  is  obviously  a function  of  target  proximity, 
the  first  dependence  examined  was  the  dependence  upon  range.  The  range 
dependence  of  the  acquisition  rate  can  be  extracted  from  tlie  available  data 
in  the  following  non-parametr ic  manner:  divide  the  range  axis  into  intervals 
of  width  Ar.  For  each  Interval  determine  the  total  time  during  w'jiich  .in  ' 
undetected  target  was  in  the  Interval  and  the  number  of  detections  which  occurred 
in  the  interval.  Then  the  estimate  of  the  acquisition  rate  fiir  tlie  interval 
is  given  by 


acquis i t i on  rate 


total  no.  detections  in  interval 
total  time  in  Interval 


For  a homogeneous  Poisson  process,  the  arrival  rate  is  assumed  to  oe  constant 
in  time.  For  the  non- homogeneous  Poisson  the  rate  may  vary. 
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r.itf  .ukI  visible  .ire.i  .iri‘  ci'iist.iut.  It  we  l;;uore  .luy  se.ircb  wlilcli  m.iy  li.ive 
viccurrcil  betori-  t lie  I’WI  .ili-rt  .ippe.irevl , then  b is  .ilso  const.int  .it  tlie  b value 
correspoiul  iU(i  to  .ilerti'il  si'.irch.  IbuK'r  those  coiiJitioiis  the  expression  tor 
cnmul.itlve  prob.ibilltv  m.iv  hi'  ^ro.itlv  slmplitied.  I'hen  the  lnte>;r.il  detined 
.ibv've  is 


Xitl  dt  - 


b.*\ 

where  T “ ~ ts  an  .icnuisltlon  time  const.int  which  is  ch.ir.icter  Istic  of  the 

f “ 

■ippro.icli  conditions,  fhus 

T -T 

l’(no  .icquis  it  Iv'n]  ^ i‘xp  1 - ] exp  [ "■-] 

' 1 

If  the  pilot  be>;.in  se.irchiii);  .it  Infinltv  it^^  - '''X  , tlien  is  the  time-to- 
eolli.slon  .It  which  the  prob.ibilltv  of  lui  acquisition  h.is  f.illen  to  e ^ (.5b.8%). 
The  f.ictor  exp  ir^/t^^)  is  the  t.ictor  bv  which  the  prob.ibilltv  of  no  .icquisition 
Is  lucre. ised  bv  f.iilure  to  be>;ln  se.irchini;  .it  infinity.  If  both  pilots 
Involved  In  .in  encounter  .ire  se.irchini;,  then  the  probability  of  neither  pilot 
.icqulrliii;  is  char.icter  Ized  by  .i  T ^ v.ilue  which  Is  just  the  sum  of  the 
v.ilues  of  the  Individual  pilots. 

it  is  convenient  to  define  .i  v.ilue  for  1'^  for  which  visual  acquisition 

perform.inee  Is  acceptable.  One  wav  of  doinj;  this  Is  to  note  that  In  order 

ti>  li.ive  chance  of  li.ivln>;  .icqulred  bv  JO  seconds  before  collision,  T^ 

must  be  80  seconds  or  ere. iter.  The  v.ilue  of  T which  will  be  achieved  in  .ictual 

.1 

encounters  depends  upon  aircraft  sizes,  airspeeds,  and  appro. ich  geometries. 


I Ki>*.  S.i  provisos  values  for  some  speoifu  cases  ol  uiii^bsl  rue  t I'd  Si*arcii, 

iNv^te  that  t\'r  eucoimtors  hetweeu  two  tvpe  I alrcralt,  T is  tavoiMhle  except 
; tor  lu>;lu'r  orossinn  .inj’.los.  For  tvi'c  1 so.»rol>iu>;  lor  typo  J,  tlio  l.iro.or  s i /.o 

i 

j ot  t l»o  targot  moro  tluiii  compons.itos  tor  its  liuro.isoii  olosiiro  r.ito.  Howovor, 

tor  tvpo  J so.iroliiu^;  tor  typo  I,  ttio  inoroasoii  v'losiiro  rati‘  l^'wor^;  1'^  to  vahios 
uiit  avorab  lo  tor  aoqulslt  Ion. 

* S.l.t  KioKi  of  Viow  t'ons  IJor.it  ions 

.•\  tnrtlu'r  oons  ldor.it  Ion  .irisos  from  t lio  t.ut  tli.il  tho  pilot's  viow  in 
somo  viirootiv'ns  is  I'bstrnotod  bv  llio  airfr.imo.  Fncountor.s  in  whioh  tlu' 
viow  of  tlio  pilots  of  both  aircraft  is  obstrnotod  .iiw  r.iro,  but  i-ncmnuors 
in  whioh  ono  piK't's  viow  is  obstrnotod  ,iro  oonmunip  1 .100 . l\'r  ox.impK'  in 
I "t.iil  oh. iso"  onoountors  tho  ovort.ikini;  .liror.ift  lionorallv  .ippro.iolios  t rom  .in 

obstrnotod  bo.iriny,.  .-N  throat  mav  also  appro. ich  from  hoad-on  bolow  tho  noso 
or  from  bohind  .1  win>;.  In  flight  tosts  it  was  found  th.it  pilots  who  roooi\t'd 
^ .ilorts  in  obstrnotod  sootors  somotlmos  oh.ingod  thoir  position  within  tlu' 

oi'ckpit  or  m.inonvi'rod  tho  .iircraft  in  ordor  to  romovo  tho  obstrnotion.  I'his 
oonld  rosnlt  in  .lonnisit  ion  of  .in  . liror.ift  whioh  norm.illy  would  lU't  h.ivo  boon 
i soon.  But  moro  tvpio.illy  an  approach  from  .in  obstrnotod  sootor  prov-lndiwl 

I 

.loipi  is  it  ion . It  o.in  bo  inferrod  from  Fig.  5.J  th.it  for  slow  ovort.iko  i.iil 
oh. ISO  situations,  tho  slow  closure  r.ito  Insnros  th.it  tho  ovortakin.o  pilot  will 
.ici’iiiro  ovon  if  tho  pilot  In  tho  load  cannot.  But  in  tlio  o.iso  of  tho  l.iro.o 
f.ist  aircraft  v'vort.ik ing  the  small  slow  .lircr.ift.  tho  closnro  r.ito  c.in  bo 
snbstantt.il  .ind  tho  onlv  pilot  with  .in  nnobstructod  view  is  tho  pilot  who 

' i - 

J must  so.irch  tor  .1  small  target. 

t 
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5.1.4  Ai'qiil.sil  iiM»  I’robiibility  With  and  WIthuut  I’Wl 

Uiulor  tlie  appi'oacl)  conditions  dct'lnod  In  the  previous  paranr.iph,  tlie 
relationship  between  the  cumulative  probabilities  i>t'  .icquls  1 1 Ion  with  .md  with- 
out I’Wl  cai\  be  expressed  In  terms  of  the  I'l  ratio  as  follows: 


1’,  - l - (1  - I'y) 


where 

I’l  “ cumulative  probability  I'l  .icqu  Is  i t 1 on  with  I’U'l 
“ cumul.ttlve  prob.iblllty  ot  .icqu  Is  i t i i>n  Vviltlu'uL  I’Wl 
3 1 = model  constant  with  I’Wl 
“ model  constant  without  I’Wl 

Hecause  this  expression  is  Independent  of  the  t Ime-to-co  1 1 i s iim  .it  which  1’^^ 

Is  specified.  It  Is  convenient  to  consider  as  corresponding  to  the  l.itest 

time  at  which  visual  acquisition  is  effective  In  allowing  .ivoidance.  This 
relationship  is  plotted  in  FIr.  5-4.  It  can  be  seen  that  lor  “ b (tlu' 

ratio  observed  In  the  ll’C  flight  tests),  there  Is  a high  probability  I't 
acquiring  with  PWl  whenever  there  is  even  a modest  probability  of  acquirlnc, 
without  PWl . 

5.1.5  Analysis  of  Ac(iulsltlon  Failures 

Visual  .acquisition  ilat.a  is  available  for  272  sub. led  pilot  encounti'is.  No 
visual  acquisition  occurred  in  75  (28%)  of  these  encounters  (see  Fig.  5-S).  Fur- 
thermore, visual  acquisition  occurred  within  3 scans  of  closest  .ipproach  in  .in 
addition.il  56  (21%)  of  the  encounters.  These  131  cases  of  apparent  acquisition 


failure  were  sublected  to  further  analysis.  In  76  of  these  c.ises  the  point  I't 
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PROBABILITY  OF  ACQUISITION  WITH  PWl 


[a  r(.:-«s(s.sjL 


RESULT  OF  VISUAL  SEARCH 
(272  TOTAL) 


CPA  * CLOSEST  POINT  OF  APPROACH 

FIs. 5-5.  Selection  of  cases  of  late  or  missing  visual  acquisition 
for  aircraft  which  approached  close  to  each  other. 
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I I OSes  t ;ipi>roiH'li  w.is  greater  than  1 nmi  horizontally  or  greater  than  750  feet 
vertically.  These  oases  do  not  represent  acquisition  failure  for  close  approache, 
However,  55  cases  remain  in  whicli  closest  approacli  was  witliln  1 nmi  and 
750  feet.  When  the  crossing  angles  and  approach  bearings  for  tliese  55  cases 
were  examined,  (Kig.  5-b)  it  was  found  that  all  but  8 occurred  at  larger  crossing 
angles  above  120  degrees  (where  is  marginal)  or  with  obstructed  approaches. 
Four  of  tl\e  8 failures  were  due  to  inadequate  PWl  search  time  followed  by 
IPC  commands  which  required  pilots  to  turn  in  a way  that  prevented  visual 
acquisition.  One  failure  occurred  in  tlie  presence  of  a workload  distraction. 

One  was  attributable  to  an  airline  pilot  wlio  did  not  normaiiy  fly  see-and-avoid 
and  performed  very  poorly  with  respect  to  utilization  of  the  PWl  display. 

One  of  the  remaining  two  failures  was  at  a marginal  T ^ value.  Tlie  otlier  occur- 
red with  four  scans  t>f  FPWI  followed  by  a command  sequence  for  which  the  pilot 
I'omplained  of  having  difficulties  in  pushing  the  acknowledgment  button.  Ac- 
quisition failures  appear  to  be  due  to  either  low  T^,  obstructed  approacli, 
or  workload  distractions.  IPC  commands  can  distract  the  pilot  and  force 
him  to  maneuver  in  a way  that  produces  obstruction. 

5.2  Visual  Separation  Assurance 

The  subject  pilot  flight  tests  sought  to  determine  the  manner  in  which 
typical  pilots  flying  under  visual  flight  rules  would  utilize  the  IPC  system. 

In  accepting  such  service,  pilots  were  asked  to  modify  several  practices  which 
they  were  comfortable  with  and,  on  occasion,  to  allow  the  evaluation  of  the  IPC 
system  to  override  their  own  evaluation  of  the  conflict  situation. 


In  order  to  understand  and  properly  interpret  pilot  reactions  to  II*C', 
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it  was  necessary  to  understand  the  manner  in  which  pilots  were  accustomed  to 
providing  visual  separation  in  the  current  VFR  environment.  The  description 
of  visual  sep.aratlon  assurance  provided  in  this  section  is  based  upon  inlor- 
mation  derived  in  two  ways.  First,  the  80  pilots  who  participated  In  the 
fiigtit  test  program  were  (juestloned  in  post-flight  debriefings  concerning  the 
acceptability  of  IFC  performance  and  their  replies  provided  insight  into  their 
concerns  and  motivations.  Secondly,  a small  number  of  missions  were  conducted 
in  wliich  pilots  were  asked  to  choose  their  own  encounter  resolution  maneuvers 
without  being  Influenced  by  ll’C  commands. 

5.2.1  Common  See-and-Avold  Practices 

VFR  pilots  provide  their  own  separation  from  other  aircraft  utilizing 
the  ”see-and-avoid " concept.  These  pilots  spend  much  of  tlielr  time  scanning 
surrounding  airspace  to  locate  other  aircraft.  Passengers  are  encouraged  by 
the  pilot  to  scan  .ind  to  alert  tlie  pilot  to  other  aircraft.  Traffic  advisories 
are  provided  to  VFR  .ilrcraft  by  radar  controllers  upon  request  and  on  a 
workload  permitting  basis.  These  advisories  enhance  the  uncontrolled  pilot's 
awareness  of  nearby  .ilrcraft. 

When  the  pilot  visually  locates  another  aircraft,  he  Judges  whether  it 
is  an  Immediate  threat  or  is  likely  to  become  a threat  to  own  aircraft.  Any 
aircraft  which  constitutes  an  actual  or  potential  threat  is  kept  in  visual 
contact.  The  pilot  is  always  concerned  with  whether  or  not  the  pilot  of  the 
other  aircraft  has  seen  him  or  is  aware  of  his  presence. 
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The  pilot  continues  on  course  until  able  to  ascertain  the  relative  fliglit 
path  of  the  other  aircraft.  In  most  cases,  it  becomes  clear  as  the  ranj;e 
decreases  that  the  aircraft  will  miss  by  an  adequate  margin  in  either  the 
horizontal  or  vertical  plane.  When  the  traffic  is  non-threatening,  and  is 
seen  to  be  clearly  diverging,  the  pilot  is  willing  to  break  visual  contact. 

But  if  it  appears  that  the  path  of  the  other  aircraft  will  bring  it  too  close 
to  own  aircraft  (an  individual  pilot  judgement),  and  if  the  pilot  of  the  other 
aircraft  has  not  started  an  evasive  maneuver  (another  Judgement),  the  pilot 
responds  with  an  avoidance  maneuver.  This  avoidance  maneuver  tends  to  be  a 
gradual  one  during  which  the  pilot  maintains  visual  contact  at  all  times.  In 
almost  all  cases,  separation  is  provided  by  a maneuver  of  only  one  of  tlu*  two 
aircraft . 

5.2.2  Visually  Controlled  Avoidance  Maneuvers 

A knowledge  of  the  type  of  avoidance  maneuvers  executed  under  visual 
control  provides  insight  into  several  aspects  of  pilot/system  Interaction. 
Pilot  acceptance  of  IPC  control  is  closely  related  to  whether  or  not  the 
system  is  perceived  as  generating  commands  which  are  reasonable  when  compared 
with  the  pilot's  visual  evaluation  of  the  encounters.  A limited  series  of 
PWI-only  missions  were  conducted  in  order  to  determine  tlie  timing  and  direc- 
tions of  visually  controlled  avoidance  maneuvers  in  tests  unbiased  by  the 
presence  of  IPC  commands.  The  PWI  service  was  provided  primarily  to  enhance 
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pilot  aw.uoai'ss  ot  uoaihv  traffic,  thereby  initklni;  the  data  collection  process 
iHv'ri*  I'lflcU-nt  (pilots  unaware  of  near-mlss  situations  can  not  react).  However, 
the  manner  in  which  I'Wl  was  used  provides  additional  lnsl)tht  Into  Its  use  In 
the  ov>mpleto  ll’l'  system  and  is  i>l  Interest  In  light  of  suggestions  for  I’Wl-only 
si'rvU'i'  as  an  Imi'U'uu'ntat  Um  phase  ot  U’C . I'ltnunents  upv'ii  the  el  feet  Iveness 
of  such  a system  can  be  fiuniil  in  Si'Ctlon  S.A, 

rw  1 -On  1 y 'I'l'st  Mi'tlu'dt^logv 

I'lu-  l’W!-i>nlv  flights  weri'  cinulueted  when  visibility  was  gri'ater  than  threi- 
miles.  Kor  these  flights,  subject  pilots  were  brlifed  l.'  fly  the  drone  over 
a speolllo  course  rei|uiring  abiMit  one  lunir  of  flight.  They  were  brleted  to 
utilize  th»'  I’Wl  to  locato  tiMffic  and  provide  their  own  separ.itU'n  when 
necessary,  r«'actlng  as  they  would  norm.il  ly.  The  t.iu  threshold  value  li'r  the 
flashing  proxlmltv  warning  was  sS  seconds.  Approximately  six  near-mlss 
appro. ii'lu's  w«“rt'  executed  during  the  hour  flight.  The  Intercepti'r  test  pilot 
was  instructed  ti'  establish  sufficient  altltudi'  sep.ir.it  Ion  for  s.itetv  .ind  to 
del.iy  t'xi-cul  ti>n  i>f  .avoid. inci'  m.ineuyers  whetu'ver  possible.  This  pi. iced  the 
burden  I'l  pri'vidlng  addltU'nal  sep.irat  ion  upon  the  subject  pilot.  Klevt'ii 
subleet  pilots  p.ar  t i i- ip.it  ed  in  these  flights  .iiul  d.it.i  were  collected  on  80 
encounters.  Of  these  eiu'ounters  appri'xlmalelv  10  percent  were  unplanned 
conflicts  with  itinerant  ATCRBS  Mode  C aircraft  encountered  In  the  test  area. 

M.nu'uver  I’ lane  Clu'sen 

In  .'♦2  I’Wl-onlv  encounters  the  pilots  maneuvered  to  avoid.  ITie  choice 
of  maneuver  pi. me  was  as  follows: 

horizontal  only:  18  cases  (42. 9t) 


vertical  only:  IJ  c.ises  (Jl.Ot) 

horizontal  and  vertical:  11  cases  (2t>.2X) 


I 

1 

i 

Tlu'  data  Indicates  no  overwhelming  preference  of  one  maneuver  plane  as 
opposed  to  the  other.  It  appears  that  the  choice  of  maneuver  plane  is  partially 
a function  of  the  pilot's  perception  of  the  relative  trajectory  of  the  threat. 
I’llots  seemed  to  prefer  to  turn  to  pass  behind  traffic  which  was  crossing  their 
path  ahead  of  them.  Hut  if  an  existing  altitude  separation  could  be  |>eri-e  i ved , 
tliey  were  likely  to  attempt  to  increase  it. 

Maneuver  Magnitudes 

The  avoid. mce  maneuvers  executed  by  pilots  seldom  involved  rapid  or 
.ibrupt  accelerations.  Typical  horizontal  maneuvers  consisted  of  a 10-50 
degree  heading  change  (see  Kig,  5-7).  After  executing  such  heading  ch.mges 
pilots  tlien  flew  straight  unless  it  became  obvious  that  something  mori-  w.is 

I required.  In  the  vertical  dimension  pilots  tended  to  ch.inge  altitude  until 

I 

I they  could  see  that  vertical  separation  was  gu.ir.inteed . Normallv  this  re- 

I 

j quired  an  altitude  change  of  about  300  feet  or  less.  Figure  5-8  provides 

I 

the  distribution  of  altitude  changes  observed  during  I’Wl-only  encounters. 

Separat  io n s Acc ep ted  l^  J* ilots 

No  regulation  exists  which  requires  maintenance  of  .»  stand. ird  sep.irat  ion 
between  aircraft  operating  under  see-and-avoid . See-and-avo id  pilots  tend  to 
get  fairly  close  to  small  or  slow  aircraft  whenever  they  can  perceive  th.it  no 
collision  threat  exists.  They  maintain  greater  distances  from  larger  or 
faster  aircraft  since  their  control  of  these  situations  Is  less  cert.iin.  I'lie 
minimum  acceptable  separation  from  traffic  is  thus  a m.itter  of  indiviilu.il 
pilot  preference  and  judgement.  Most  closest  approaches  observed  in  the  I'Wl- 
only  encounters  were  well  within  the  minimum  values  IFC  uses  .is  range  .ind 
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altitude  separation  thresholds.  The  closest  approach  values  resulting  from 
TWl  only  encounters  in  which  the  subject  acquired  the  traffic  visually  and 
IPC  command  thresholds  (tau  < 30  seconds)  were  violated  are  shown  in  Kig.  5-9. 
Pilots  maneuvered  in  59  percent  of  these  encounter  situations.  The  distribu- 
tion of  closest  approaches  for  cases  where  the  pilot  maneuvered  and  for  those 
where  no  maneuver  was  detected  are  similar.  This  fact  supports  the  contention 
that  pilots  did  not  continue  to  maneuver  until  some  predefined  separation 
was  guaranteed.  Instead  they  made  limited  magnitude  corrections,  and  monitored 
the  threat  visually  until  it  was  perceived  that  no  collision  would  occur. 

Over  80%  of  the  subjects  exercising  see-and-avoid  came  within  a lialf  mile 
horizontally  and  AOO  feet  vertically.  The  IPC  algorithm  tliresholds  for  posi- 
tive commands  are  a half  mile  horizontally  and  1000  feet  vertically  (500  feet 
vertically  for  VFR-IFR  pairs) . Differences  between  visual  and  automated 
system  standards  are  to  be  expected.  A perceived  altitude  separation  of  200 
feet  is  adequate  when  confirmed  visually,  but  additional  altitude  sep.iration 
may  be  required  due  to  measurement  inaccuracies  for  any  system  based  upon 
Mode  C barometric  altitude  reports. 

Maneuver  Kf fectiveness 

In  some  instances  pilots  adopted  an  iterative  approach  to  avoidance.  They 
made  limited  magnitude  maneuvers  and  then  flew  straight  and  level  in  order  to 
determine  whether  or  not  they  still  appeared  to  be  on  a collision  course.  In 
the  few  cases  where  the  initial  maneuver  did  not  resolve  the  threat,  another 
maneuver  was  executed.  The  early  visual  acquisition  brought  about  by  the 
presenci  of  PWI  allowed  this  method  of  avoidance  to  be  quite  effective.  Un- 
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fortunately  It  can  not  be  inferred  tliat  tlie  same  level  of  effectiveness 
would  result  in  luicounters  without  I’Wl  in  which  pilots  are  startled  by  sudden 
appearance  of  traffic  at  close  ranse  and  must  hastily  choose  tlu‘  maneuver 
upon  which  their  ultimate  :;afetv  depends. 

Ineffective  maneuvers  can  arise  when  tiie  pilot  mlspc-rcei ves  the  relative 
path  of  the  threat,  ihie  visual  "illusion"  wliich  has  been  observi’d  in  flight 
tests  .irises  when  tlie  interceptor  is  significantly  f.ister  tli.in  the  dts'ne  and 
is  crossing  in  front.  The  subject  pilot  perceives  tli.it  the  interceptor  is 
further  I rom  the  point  of  collision  than  is  his  own  .lircraft.  but  lie  Joes 
not  perceive  the  greater  speed  of  the  Interceptor.  (Ainseipient  Iv , he  m.iv 
conclude  th.it  he  is  jiassing  in  front  of  the  interceptor,  .ind  that  .i  turn 
behind  maneuver  cannot  be  executed.  He  may  then  turn  .iway  .ind  decre.ise  the 
miss  distance  (F.x.imple  29  of  .\ppendlx  C illustr.ites  this  phenomenon).  In  the 
few  instances  in  which  this  phenomenon  w.is  observed,  the  pilot  soon  re.illzed 
that  the  turn  w.is  ineffective  and  then  executed  an  al  tern.it  ive  ni.ineuver 
(halting,  reversing,  or  maneuvering  in  the  vertical  plane).  The  f.ict  th.it 
the  pilot  can  visually  monitor  the  effectiveness  of  his  maneuver  provides  .in 
important  measure  of  protection  against  incorrect  choice  of  initi.il  ni.ineuver 
d irections . 

5.3  Pilot  Response  to  PWl  Service  of  IPC 

This  section  reports  on  the  pilot  response  to  the  proximity  w.irning  por- 
tion of  IPC  under  normal  flight  test  conditions  for  which  both  PWl  .nut  IPC 
commands  were  available.  Pilot  response  to  PWl  prior  to  vlsu.il  .icquis  ition 
of  the  threat  and  pilot  response  subsequent  to  visual  .icqulsi  t ion  .ire  discussed 
as  separate  topics.  Other  results  in  the  area  of  PWl  design  and  utilization 


are  presented. 


St*e-and-avoid  pilots  who  must  provide  their  own  separation  from  other 
aircraft  were  very  receptive  to  any  system  that  would  aid  them  in  locating 

•k 

nearby  traffic.  The  enluinced  acquisition  capability  provided  by  PWI  was 
greatly  appreciated.  Many  times  pilots  stated  tliat  they  would  never  have  seen 
the  traffic  if  I’WI  had  not  pointed  it  out.  Tliis  was  true  in  many  cases  of 
potential  near-miss  situations.  Pilots  expressed  surprise  at  how  close  the 
traffic  approached  i>rior  to  PWI  without  being  noticed.  In  sucli  cases  tlie 
traffic  was  not  necessarily  considered  an  immediate  threat  when  the  pilot 
located  it.  Rather,  the  pilot  was  surprised  that  his  normal  searcli  procedure 
failed  to  detect  traffic  which  was  well  within  optical  detection  range. 

5.3.1  Pilot  Use  of  PWI  Prior  to  Visual  Acquisition 

Prior  to  visual  acquisition  or  commands,  a pilot's  only  information  about 
tlie  threat  is  contained  in  the  PWI  indications.  The  reaction  of  pilots  to 
unacquired  threats  was  dependent  upon  whether  or  not  the  threat  approach 
bearing  was  in  tlieir  field  of  view  or  was  obstructed  by  the  airframe.  Pilots 
tended  to  be  relatively  unperturbed  by  unacquired  traffic  at  unobstructed 
bearings.  The  prevalent  attitude  was  that  the  traffic  would  be  seen  if  it 
were  a threat.  This  attitude  may  be  conditioned  by  experience  with  today's 
ATC  advisories  which  often  alert  pilots  for  aircraft  which  never  approach 
close  enough  to  be  considered  a threat  or  even  close  enough  to  be  seen.  On 
the  other  hand,  pilots  were  apprehensive  wlien  alerted  by  PWI  indications 
at  bearings  for  which  the  airframe  blocked  their  view.  They  were  uncom- 

k 

A quantitative  assessment  of  the  improvement  in  acquisition  performance  was 
presented  In  Section  5.1. 
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lortaliU'  kni'wing  that  ti'affio  was  nearby  but  not  being  able  to  visually  j 

I 

monitor  the  itireetion  of  approa.cli.  I’ilots  often  stated  tlial  they  would 
greatly  appreciate  being  informed  of  tlie  range  to  the  traffic  under  these 
conditions  so  that  they  lould  monitor  the  separation  and  rate  of  closure. 

Kor  some  pilots  the  unease  was  alleviated  by  the  knowledge  tliat  the  ll’C 
system  would  transition  to  liigher  alarm  levels  (l.e.,  flashing  I’Wl  or  com- 

maiuls)  helorc  a collision  could  take  place.  But  such  solace  was  prevalent  ' 

onlv  in  pilots  who  anticipated  and  had  confidence  in  the  effectiveness  of  tlie 

eventual  1 1’ti  commands.  TiloLs  who  had  experience  late,  or  ineffective  ciimmands 

felt  that  visual  monitoring  was  required.  f 

Airframe  blockage  was  observed  most  frequently  in  overtaking  (tail  cliase)  ; 

encounters  wluni  tlie  threat  was  at  the  5,  b,  and  7 o'clock  I’Wl  positions.  But  , 

blockage  is  a function  of  the  individual  aircraft  window  arrangement  and  air- 
frame  construction.  Tlie  blockage  effects  of  high  wing  and  low  wing  designs  t 

are  different.  I'urthermore,  pilots  indicated  that  if  weather  or  clouds  had  | 

obstructed  their  view,  they  would  have  had  concerns  similar  to  those  (iroduced 
bv  airframe  blockage. 

Pilot  Maneuvers  Due  to  Unaj.'q_uired  Tlir^at 

i 

The  uncomfortable  feeling  c.iused  by  airframe  blockage  was  tr.inslated 
into  a positive  reaction  by  many  pilots.  This  was  especially  true  when 
ordinary  I’Wl's  persisted  for  several  scans  (as  in  slow  overtake  situations) 
or  when  the  flashing  I’Wl  was  received.  (The  pilots  were  briefed  th.it  the 
flashing  I’Wl  indicated  an  immediate  threat  and  that  when  such  an  alarm  was 
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roct' i voil  tlu'V  should  attompt  to  locate  the  intruder  and  be  prepared  to  re- 


solve the  situation).  Observed  reactions  generally  took  the  form  of  a 
maneuver  toward  tlie  I’Wl  hearing  in  an  attempt  to  locate  the  intruder  and  to 
assess  the  situation  (see  Kxample  30  of  Appendix  C) . In  the  case  of  I’Wl's 
from  directly  t)ehind  (6  o'clock),  pilots  sitting  in  tlie  left  seat  would  often 
momentarily  liank  left  to  be  able  to  glaitce  over  their  shoulder  to  locate  tlie 
traf  f Ic . 

Kffect  of  Maneuvers  I’rior  to  Visual  Acf[iusij.lA)n 

Maneuvers  executeil  when  the  pilot  did  not  have  a visual  sigliting  of  tlie 
intruder  often  worsened  the  situation  and  decreased  the  ability  of  ll’C  to 
resolve  the  encounter.  Straight  and  level  encounters  were  turned  into 
maneuvering  encounters  with  all  the  attendent  resolution  difficulties  described 
in  Section  4.5.  Miss  distance  and  time  to  collision  were  reduced  and  tracker 
lag  was  induced.  Many  times  these  maneuvers  took  the  drone  directly  into  the 
path  of  the  Intruder  (see  Kxamples  30  and  31  of  Appendix  C) . 

i’llot  Interpretation  of  I’Wl  Information 

When  visual  contact  was  lacking,  iiiiots  attempted  to  visualize  the 
tlireat  on  the  basts  of  I’Wl  position  and  the  history  of  the  I'WI  alert.  Because 
I’Wl  information  is  not  adequate  for  this  task,  plausible  assumptions  were 
made  to  complete  the  picture.  Although  they  were  cautioned  in  the  pre-flight 
briefing  that  the  I’WI  should  be  used  as  an  acquisition  aid  only,  many  jiilots 
felt  compelled  to  act  on  the  basis  of  their  interpretation  of  the  I’Wl  data. 

When  their  assumptions  concerning  the  missing  information  were  wrong,  their 
actions  were  often  counLer(>roduct  Ive. 


116 


'I'ho  iuti^rm.it  Lon  oontont  of  the  I’Wl  Is  determined  primarily  by  algorithm 


thresholds  and  display  design.  The  enrrent  I’Wl  Information  consists  of  threat 
bearing,  relative  altitude,  and  f lash ing/non-f lash Ing  status.  Major  iimlta- 
t Ions  in  Information  content  are  as  follows:  (1)  the  co-aititnde  I’Wl  position 
tells  llu'  pilot  only  that  the  threat  Is  within  HOO  feet  of  own  aircraft,  but 
not  whetlu-r  the  thri-at  is  above  or  below  own  altitude.  This  altitude  ambiguity 
liMils  to  mis  Inti'tpri't  at  ion.  I’llots  were  observed  to  maneuver  vertically 
witlu'iit  a visual  sighting  in  response  to  a co-altltiide  I’Wl  Indication  even 
tlunigli  this  maneuver  loiild  be  taking  them  toward  the  altitude  of  a threat 
si-parati'd  by  '»0t)  or  iiiori'  I eet  In  altitude.  Some  pilots  who  were  changing 
altitude  weri'  observed  to  level  off  upon  receiving  co-altitude  I’Wl's. 

Uccas  Iona  1 1 v this  produced  an  accelerating  threat  which  would  have  been  avertid 
by  continuation  of  the  altitude  rate.  (2)  I’llots  cannot  infer  range  to 
the  intruder  since  the  I’Wl  has  a tan  threshold  for  which  range  varies  depending 
iipi'n  wlietlu’i-  It  is  a slow  overtake  situation  or  a head-on  encounter.  I’urther- 
more,  the  tan  threshold  values  are  varied  according  to  differences  In  trans- 
ponder ei|uipage  and  flight  rules.  (3)  I’llots  often  visualize  an  avoidance 
maneuver  toward  the  bearing  location  of  the  I’Wl  alert  as  unproductive 
aiul  a maneuver  away  as  constituting  avoidance.  (Although  as  was  previously 
stateil,  some  pilots  will  turn  toward  the  I’Wl  In  an  attempt  to  actiuire  rather 
th.in  attempt  to  avoid  on  the  basis  of  I’Wl  location).  The  shaded  region  In 
I’lg.  5-10(a)  Indicates  possible  bearing  loci  for  an  aircraft  producing  a I’Wl 
Inilicatlon  at  one  o'clock.  if  the  encounter  locus  is  at  A then  a turn  by 
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POSSIBLE  LOCI  FOR 


-180  -90  0 90  180 


CASE  A CASE  B 

AIRCRAFT  SHOULD  TURN  AIRCRAFT  SHOULD  TURN 

away  from  ? O'CLOCK  PWl  TOWARDS  1 O'CLOCK  PWl 

(b) 

Fig. 5-10(a,b) . PWT  location  does  not  allow  determination  of  directions 
In  which  it  is  safe  to  turn. 
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aircraft  2 toward  tlio  PWl  light  (to  move  the  locus  toward  = 0 ) reduces 
existing  miss  and  a turn  away  increases  miss.  However,  if  tl>e  encounter 
locus  is  at  B then  a turn  toward  the  PWI  is  advisable  and  a turn  away  decreases 
tlie  miss  distance.  These  specific  geometries  are  Illustrated  In  Fig.  5-10(b). 


TTie  kind  of  information  wliich  pilots  felt  might  allow  tliem  to  better 
visualize  tlie  threat  is  similar  to  that  provided  by  controllers  wlien  issuing 
traffic  advisories.  A typical  radar  traffic  advisory  as  issued  by  a controller 
mlglit  be:  traffic  2 o'l  Loik,  6 miles,  southbound,  fast-moving  military  jet, 

6000  feet.  Current  I’Wl  information  does  not  include  such  explicit 
information  about  tlie  intruder  range,  flight  path,  speed,  or  Mode  C altitude. 

Nor  does  tlie  PWI  indicate  which  maneuvers  would  increase  the  collision  hazard. 
Additional  information  that  might  be  helpful  in  the  IPC  context  would  be  the 
fliglit  rules  the  intruder  was  operating  under  and  whether  it  was  IPC-equipped 
(and  therefore  also  able  to  receive  collision  avoidance  instructions). 

K f fee t o f PW I Upon  P fanned  Maneuvers 

The  IPC  concept  does  not  forbid  pilots  from  maneuvering  in  the  presence 
of  unacquired  PWI-Indicated  traffic.  In  flight  testing  it  was  found  tliat 
some  pilots  are  likely  to  continue  existing  turns  or  altitude  rates,  even  if 
they  result  in  motion  toward  an  unacquired  PWI-lndicated  threat.  Example  32 
of  Appendix  C shows  a pilot  continuing  to  climb  while  receiving  a PWI  Indication 
from  a target  above.  Tlie  pilot  rationale  for  this  action  was  that  if  the  climb 
were  dangerous  a ciimmand  to  stop  climbing  or  a descend  command  would  be  issued. 
One  pilot  stated  that  he  would  not  be  interested  in  searclilng  for  the  PWI- 
lndicated  traffic  unless  it  was  indicated  co-altitude.  He  felt  that  if  the 
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traffic  Wiis  greater  lliau  SOO  feet  from  own  aititiule  it  did  not  constitute  a 
Llireat.  It  appears  tliat  many  pilots  will  react  complacently  to  I’Wl  warnln^ts 
for  aircraft  tliey  cannot  locate  if  tliey  liave  confidence  In  tlie  command  back-up 
or  if  tliev  have  searclied  an  unobstructed  bearing;  and  found  no  traffic.  Thus 
rWI  warnings  slionld  not  viewed  as  an  alternative  to  negative  commands  in 
situations  in  wliicli  maneuvers  .ire  truly  hai'.irdous . 

I.  1.2  Other  TWl  Results 

I’ilot.  Use  of  I’Wl^o  ;\y^rt  Uommands 

The  1 1'C  concept  suggests  that  pilots  use  the  PWl  w.irnings  to  locate  their 
traffic  .ind  provide  their  own  visual  separation,  thus  obviating  tlie  need  for 
command  generation.  i'he  flight  test  experience  has  shown  that  this  is  not 
practicable.  Only  lUi  rare  occ.islons  ilurlng  the  testing  were  pilots  successful 
in  averting  commands  bv  initl.iting  a maneuver.  Tills  was  true  for  several 
reasons.  First,  most  pilots  chose  not  to  maneuver  during  the  period  between 
visual  acquisition  and  comm.inds.  As  was  discussed  in  Section  5.2.2,  see-and- 
avvild  pilots  delayed  m.ineuvers  until  aircraft  were  close  enough  to  permit 
adequate  visual  evaluation  of  the  nature  of  the  threat.  IPC  commands  often 
came  before  such  evaluation  had  occurred.  Secondly,  pilots  accepted  sei'ara- 
tions  which  were  substantially  less  than  those  which  IPC  can  tolerate.  Finally, 
even  if  pilots  began  maneuvers,  the  delays  in  aircraft  and  tracker  resiumse  did 
not  allow  resolution  to  be  confirmed  in  the  (nominal)  15  seconds  between  the 
flashing  PWl  alert  and  commands. 
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maneuvers),  but  were  nut  overly  concerned  with  them.  Pilots  who  were  famiiiar 
wlth  radar  advisories  from  controllers  were  aware  of  similar  phenomena  and 
felt  tliat  they  did  not  cause  any  j;reat  difficulty. 

- Mistaken^  Iden^itN’ 

On  a few  occasions  pilots  mistook  another  aircraft  for  the  one  which  tlie 

I 

I’Wl  was  indicating.  The  misident If ied  aircraft  was  normally  either  beyond 

the  I’WI  threshold  or  not  Included  in  the  ll’C  system  (e.^;.,  non-transpi)nder  or 

■ non-Node  C ecpilpped)  . Typically  pilots  were  able  to  qulcklv  reco>;nlze  their 

I 

i mistakes  upon  discovering;  that  the  I’Wl  clock  position  changes  did  not  track 

I tlie  visually  acquired  traffic  or  upon  realizing  that  tl»e  sighted  traffic  was 

' not  tlireatening  enough  to  produce  tlie  PWI  alarm.  A quick  searcli  then  usually 

i 

revealed  the  PWl-ind icated  traffic.  The  pilots  expressed  confidence  In  their 
ability  to  distinguish  the  PWl-indicated  traffic  from  other  traffic  visually 
acquired. 

5.4  Comments  Upon  a PWI-f)nly  Service 

PWl-only  service  has  been  mentioned  as  a possible  implementation  pliase 
, of  [PC.  The  PWl-only  flight  tests  (described  in  Section  5.2.2)  and  tlie  visual 

acquisition  data  gathered  during  the  flight  test  program  enable  some  relevant 
comments  to  be  made,  concerning  such  proposals. 
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Pilots  flying  with  PWl-only  service  were  much  more  apprehensive  concern- 
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ing  PWI - ind ‘ catod  approaching  from  obstructed  bearings  than  were 

pilots  flying  With  full  IPC  service.  There  was  a greater  inclination  to  turn 
in  order  to  acquire  overtaking  traffic.  The  safety  implications  of  tliis 
behavior  may  be  minimal  In  terms  of  its  effect  upon  visual  separation  assurance 
if  the  overtaking  pilot  has  acquired  and  is  maintaining  visual  contact.  But 
such  maneuvers  are  in  conflict  with  the  objectives  of  an  automated  resolution 
system  which  seeks  to  follow  PWI  with  commands  (see  Section  5.3.1).  Enhanced 
inlormatlon  content  of  the  PWI  advisory  may  be  required  to  reduce  pilot 
concerns  in  tliese  situations,  and  avoid  the  establishment  of  modes  of  PWI 
usage  wliicli  are  inconsistent  with  later  evolution  of  the  PWI-only  system 
into  a PWI/resolutlon  system. 

in  many  cases  pilots  appeared  to  be  responding  to  the  cues  presented 
by  PWI  and  not  acting  entirely  upon  their  own  visual  perception  of  the  situa- 
tion. In  particular,  the  flashing  PWI  with  its  audio  alarm  created  an  air 
of  urgency  wlilcli  caused  some  pilots  to  react  sooner  than  they  would  have 
ordinarily.  This  theory  is  reinforced  when  analyzing  the  results  for  tliose 
encounters  in  whlcli  the  pilots  were  unable  to  visually  locate  the  traffic. 
Sixty  percent  of  the  time  these  subjects  maneuvered  using  the  flaslilng  PWI 
Indications  to  choose  maneuver  directions.  In  such  cases,  an  Incorrect 
visualization  of  the  situation  (see  Section  5.3.1)  could  result  In  maneuvers 
being  Ineffective  or  detrimental.  Enhanced  PWI  could  reduce  tlie  likelihood 
of  a hazardous  PWI-induced  maneuver  and  assist  the  eventual  transition  to 
a full  resolution  service. 
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Soe-and-avold  pilots  wore  enthusiastic  about  the  benefits  of  I’WI.  Tlie 
service  certainly  increases  tlie  probability  that  approaching’  aircraft  will  be 
seen.  Such  a service  would  relieve  the  controller  of  the  need  to  provide 
advisories  and  would  snarantee  the  availability  of  advisories  regardless  of 
controller  workload.  Tliere  is  little  doubt  tliat  I’WI-only  service  would  prevent 
a great  many  mid-air  collisions  which  currently  occur  under  see-and-uvoid 
conditions.  But  it  must  be  recognized  that  sucli  a service  is  limited  in 
e I f ec t ivenesn . In  certain  situations  (e.g.,  rapid  closure,  reduced  atmo- 
spheric visibility)  the  visual  acquisition  performance  of  the  pilot  may  be 
inadequate  even  when  aided  by  PWI . This  limitation  is  most  significant  for 
liigli  performance  aircraft  flying  IFR.  A second  possible  limitation  is  that 
in  certain  cases  pilots  may  choose  ineffective  maneuvers  even  when  acquisition 
at  adequate  lead  times  has  occurred.  Collisions  resulting  due  to  Incorrect 
maneuvers  are  unlikely  however,  if  the  pilot  utilizes  PWI  properly  and  visually 
monitors  the  effectiveness  of  his  m.ineuver  (see  Section  5.2.2). 

In  a few  cases,  pilots  who  had  wandered  from  their  intended  altitude  (usually 
chosen  to  corres|>ond  with  the  « ruising  altitude  hemisphere  rules  - FAR  Parts 
dl.l09,  91.121)  maneuvered  to  return  to  altitude  u|>on  receipt  of  a PWI. 

Although  compliance  witli  intended  altitude  is  generally  prudent,  the  resulting 
maneuver  sometimes  carried  the  pilot  toward  the  altitude  of  the  traffic  rather 
than  away. 

In  summary,  the  data  gathered  during  the  flight  tests  supports  the  view 
that  PWI-only  service  can  significantly  improve  see-and-avoid  performance  and 
that  an  acceptable  PWI-only  design  is  readily  achievable.  Perfoimanco  can  be 
improved  by  enhancing  the  information  content  I'f  the  PWI  advisor\ . 
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5.5  Pilot  Response  o IPC  Commands 

1 PC  eommands  were  discussed  in  Section  A in  terms  of  the  al>;orithmic 
objectives.  There  the  principal  focus  was  upon  the  ability  of  the  logic  to 
choose  commands  which  would  avert  collisions  if  pilots  complied  with  conuiiands 
in  a nominal  fashion.  Tins  section  discusses  the  pilot’s  ability  and  will- 
ingness to  utilize  the  conmiands  generated  by  the  IPC  system  to  assure  sejiara- 
tlon.  Section  4 identified  certain  cases  in  whicli  the  algorithmic  logic 
failed  to  achieve  Its  desired  objectives.  Pilot  reaction  to  commands  were 
understandably  unfavorable  in  these  situations.  A single  algorithmic  f.iilure 
was  observed  to  have  a long-lasting  effect  upon  pilot  confidence  in  the  IPi' 
system.  However,  the  encounters  flown  during  subject  pilot  missions  were 
generally  chosen  to  Illustrate  nominal  system  performance  and  not  to  investi- 
gate algorithmic  weaknesses.  Such  flight  testing  revealed  that  resolution 
strategies  which  appeared  highly  consistent  with  the  objective  of  assuring 
separation  were  often  rejected  as  unacceptable  by  the  subject  pilots.  riie 
basis  of  tills  difficulty  lies  in  the  fact  that  the  IPC  resolution  logic  pursues 
tlie  goal  of  assuring  separation  by  decisions  based  upon  radar  reports  wliile 
the  pilot  is  motiviated  by  other  concerns  and  other  information.  The  resulting 
compatibility  problem  is  discussed  in  the  remainder  of  this  section. 

5.5.1  Commands  Prior  to  Satisfactory  Visu.al  Evaluation 

Subject  pilot  reactions  to  commands  differed  significantly  depending 
upon  whether  or  not  the  pilot  had  achieved  a satisfactory  visual  evaluation 
of  the  threat.  Pilots  were  generally  concerned  about  PWI-ind icated  throats 
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wliii'h  th'  V had  not  acquired  or  which  were  acquired  at  a ran^e  which  did  not 
allow  satisfactory  visual  evaluation  of  the  other  aircraft's  relative  tra- 
jectory. Tilots  who  were  unable  to  acquire  in  spite  of  an  extended  period 
of  PWl-aided  search  were  usually  relieved  to  receive  conmiands  whicli  instructed 
them  concerning  safe  courses  of  action.  Pilots  wlu>  had  acquired  a threat 
but  were  unable  to  evaluate  it  tended  to  accept  commands  as  the  best  course 
of  action  in  view  of  the  fact  tliat  the  system  mislit  have  detected  a developing; 
collision  wiiich  tliey  themselves  were  yet  unable  to  perceive. 

Turns  Toward  PWI  Bear  in>;s 

When  Instructed  to  turn  toward  the  PWI  Indicated  bearing  of  an  unaciiuired 
tlireat  in  order  to  resolve  an  encounter,  several  pilots  felt  that  something 
was  wrong.  Tliey  felt  that  a left  turn  could  not  be  correct  if  the  other 
aircraft  was  on  their  left.  It  did  not  occur  to  these  pilots  that  the  indi- 
cated traffic  could  be  moving  left  to  right  and  that  the  position  at  closest 
approach  could  be  to  the  right  even  though  current  position  was  to  the  left. 

Tlie  I PC  concept  engenders  confusion  on  this  point.  Pilots  are  told  to  use 
the  ordinary  PWI  to  determine  whether  the  direction  which  tliey  Intend  to  maneuver 
is  clear  of  traffic.  It  is  implied  that  maneuvers  away  from  PWI  bearings  are 
safe.  Example  33  of  Appendix  C illustrates  a situation  in  which  a subject 
pilot  initiated  a turn  away  from  the  PWI  indication  and  then  receives  an  IPC 
command  toward  the  PWI  Indication.  When  visual  acquisition  had  occurred  in 
such  situations,  pilots  themselves  generally  chose  to  turn  toward  the  PWI 
Indicated  traffic.  Pilots  were  also  perplexed  by  negative  conmiands  which 
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prohibited  turning  away  from  PWI  bearings  (Example  34  of  Appendix  C) . 
likely  that  if  tlie  IPC  concept  were  corrected  and  pilots  were  briefed 
expect  such  situations  iiefore  being  exposed  to  the  system,  tliey  would 
tliese  commands  acceptable. 


It  is 


to 

find 


3.3.2  Commands  After  Satisfactory  Visuai  Evaluation 

In  many  encounters  pilots  were  able  to  acliieve  a satisfactory  visual 
evaluation  of  the  tiireat  prior  to  issuance  of  IPC  commands.  Sucli  an  evalua- 
tion was  re.idily  achieved  wiien  tiie  (3D)  separation  at  command  issuance  was  small 
due  to  modest  closure  rates  or  due  to  an  approach  in  the  vertical  dimension. 
Aftler  obtaining  a satisfactory  visual  evaluation  pilots  normally  felt  that 
tliey  were  capable  of  controlling  the  situation  or  that  an  adequate  miss 
was  guaranteed  by  the  existing  trajectories.  IPC  commands  which  then  appeared 
often  conflicted  with  the  pilot's  evaluation  and  were  viewed  as  being  unneces- 
sary or  unsafe.  In  such  situations  some  subject  pilots  were  able  to  suspend 
tlieir  judgement  and  follow  commands.  Other  pilots  modified  their  response 
to  the  commands  or  refused  to  follow  the  commands  at  all. 

Figure  5-11  provides  insight  into  the  extent  to  which  visual  evaluation 
capability  affect. d willingness  to  promptly  comply  with  commands.  The  fig- 
ure shows  the  he  .ding  cliange  executed  by  pilots  in  the  first  16  seconds 
following  the  receipt  of  positive  turn  commands.  Each  point  is  identified 
according  to  whether  the  pilot  had  achieved  visual  acquisition  at  the  time 
of  the  command.  For  purposes  of  discussion,  a pilot  will  be  considered  to 
be  complying  if  he  altered  heading  by  30°  or  more.  It  can  be  seen  that  the 
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Fig. 5-11.  Pilot  compliance  as  a function  of  visual  status 
and  range  at  time  of  command. 
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probability  of  compliance  was  greatly  docroascil  If  tlie  pilot  luid  acquired 


-isiially  at  tlie  time  of  the  command.  It  sbonld  also  lie  noted  tliat  pilots 
apiu-ared  to  be  more  willing  to  comi'lv  whi-n  tbe  .jc<iulred  traffic  was  at 
lonp.er  ranges  (y;reater  than  10000  feet)  tlian  when  tlte  traffic  was  at  sliorter 
r.mp.es . rills  Is  conslsliMit  with  tlie  ci'iiclnslon  derived  from  iillot  debriel- 
iny,K  that  refusal  to  conqily  Is  normally  based  upon  tbe  pilots  vlsu.il  evalu- 
ation at  close  ran^e  ratber  than  a 1 1'e  1 I n^t  that  comm.inds  occurred  Loo  early, 

Tbe  pilot's  ability  to  visually  evaluate  a threat  has  been  discussed  in 
Section  5.3.1.  It  Is  imiiortant  to  recoj>nize  that  ;it  closer  r.innes  the  pilot's 
visual  evaluation  may  be  superior  to  the  evaluation  of  a radar-based  algorl  tlini. 
The  pilot  iii.iy  perceive  .altitude  differences  which  c.annot  be  reliably  measureil 
by  Node-C  b.irometrlc  altimetry  (which  is  qu.intlzed  In  100  foot  Increments). 

The  pilot  mav  .also  perceive  .a  lior I zont.t  1 miss  <llntaiicc  which  cannot  l>c 
.accurately  detected  by  rad.ar  tracklnn-  Kur  tiiermore , the  pilot  has  .access  to 
inform.iulon  un.av.a  1 1 ab  I e to  the  1 1’C  system.  Me  c.an  .iudj;e  the  attitude  of 
tin'  other  .alrt^r.aft  to  lietermine  whether  or  not  it  h.as  Inltl.ated  an  .avoidance 
m.aneuver.  He  .also  knows  the  attitude  of  his  own  aircraft.  Its  c.ap.ab  1 1 1 1 1 es , 

.and  his  Intentions.  Ml  these  points  sup.p.est  there  Is  iust  If  lent  Ion  to  the 
pilot's  conviction  th.at  his  visu.al  evalu.atlon  should  supercede  the  evaluation 
of  the  1 rc  system.  The  existence  of  lntre(iuent  incidents  of  i)ptical  illusion 
docs  iu)t  Intlmld.ate  pilots  who  are  consistently  successful  In  achieving;  visual 
sc'p.ar.at ion  and  who  feel  th.at  an  electronic  Instrument  Is  much  more  likely 
to  mlsle.-ul  them  than  .are  their  own  eyes. 
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Ma  inLonatu;^  Visual  i'out  ict 

It  was  stall'll  in  Si'i'tiDii  1.2.1  that  ono  ot  tin*  must  I uniianii'nl  .i  1 ruli's 
ut  visual  soparatlim  viias  tu  maintain  visual  contact  with  the  thro. it  until 
.ill  il.iiiKor  I'l  collision  is  past.  The  commands  issued  hy  the  ll’l’  sysli'iii  olten 
1 orced  pilots  to  lose  visual  contact  by  requiring  them  to  h.ink  .iw.iv  I rom  the 
threat  or  bv  causing  them  to  turn  until  the  threat  was  loc.ited  at  their  re.ir. 
t’llots  often  cons  iili'ied  such  maneuvers  unsafe  since  they  c.iused  t hi'iii  to 
lose  sight  ot  their  traffic.  In  such  Instances  i>llots  relused  to  compls'  with 
comm. mils  or  complied  to  only  a token  extent.  Kxamples  35,  lb,  and  37  ot 
Api'endlx  i:  Illustrate  this  beh.ivlor, 

KfJj.yJ_  of  Observ Injij^  jMr^ratt's  Maneuver 

In  Section  5.2.1  It  w.is  observed  that  in  normal  see-.iud-.ivo  Id  pr.ictices 
onlv  one  .ilrcraft  maneuvei  s to  as*:'are  separation.  ll’t'  normally  issues  coium.nuls 
to  both  airci.ift.  Some  pilots  did  not  consider  It  necess.iry  to  matu'iivi'r  it 
they  observed  the  other  aircr.ift  Initiating  a m.ineiiver.  In  such  c.isi'S  the 
entire  burden  for  resolving  the  encounter  was  placed  upon  the  first  aircr.ill 
to  begin  .ivoidance. 

K tj'ec t s of  NoiWlontp  1_1  ance 

Non-comi'l  iance  by  one  pilot  in  an  encounter  can  have  undes  i r.ib  1 e con- 
sequences for  the  other  pilot.  The  complying  pilot  may  be  forced  to  exi'cuti' 
a maneuver  of  excessive  magnitude  in  order  to  achieve  the  separation  requiii'd 
by  the  1 I’ll  svstem.  I'lir thermore , the  maneuver  may  be  Ineffective  (e.g., 
slow  speed  aircraft  In  path  of  fast  aircraft).  In  some  cases  the  compll.iiice 
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with  the  command  by  only  one  aircraft  decreases  miss  distance  ami  frustrates 

i ! 

the  separation  strategy  chosen  by  tlie  visually  motivated  pilot,  both  pilots 
often  emerj^e  from  sucli  an  encounter  with  decreased  confidence  in  IPC  commands. 
Pilot  SuKt;es t ions 

Pilots  made  several  suggestions  concerning  possible  resolution  of  the 
compatibility  |)roblem.  It  was  suggested  that  an  "I've  got  it"  button  be  pro- 
I vlded  to  enable  the  pilot  to  accept  responsibility  for  visual  separation 

! (anal(>gous  transfers  of  contrt>l  occur  in  today's  ATC  system  between  controllers 

and  pilots).  Pilots  also  Implied  tliat  additional  information  explaining  or 
^ justitying  commands  might  allow  tliem  to  accept  commands  witli  greater  confi- 

’ dence,  Tliey  also  suggested  altering  tlie  resolution  logic  to  acliieve  greater 

agreement  witli  visual  separation  practices. 

' 5.5.3  Other  Results  Concerning  Pilot  Response  to  Commands 

Indeterminate  Nature  of  Commands 

! Wlien  a green  command  arrow  was  lighted,  pilots  were  briefed  to  promptly 

Initiate  a maneuver  In  the  direction  of  the  arrow  and  maintain  that  maneuver 
I until  command  termination.  Pilots  were  not  informed  of  the  magnitude  of  the 

heading  or  altitude  changes  which  would  be  required.  The  indeterminate 
nature  of  these  commands  was  contrary  to  normal  flying  pn>cedure..  Pilots 
wished  to  anticipate  the  desired  change  in  order  to  choose  appropriate  maneuver 

I 

rates  and  to  assess  the  consequences  upon  other  flight  objectives  (e.g.,  clear- 
ance from  clouds  or  terrain,  or  deviation  from  course). 
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Maneuver  Magnitudes 

Pilots  often  comp  I iilned  that  IPC  commands  persisted  for  too  long  and 
required  excessive  deviations  from  course.  Recall  that  under  see-and-avoid 
conditions  pilots  resolve  encounters  with  heading  channos  of  10- U)  decrees. 
Figure  5-12  indicates  tlie  heading  changes  required  by  IPO.  It  can  be  seen 
that  in  about  65?!  of  the  cases  heading  changes  of  60^'  or  more  were  re(iuired. 

A principal  reason  foi-  such  large  heading  changes  is  that  the  1 Pt!  tracker  may 
lag  far  behind  the  actual  aircraft  heading  and  thus  commands  may  continue 
after  tlie  hazard  has  been  resolved.  Another  factor  contributing  to  large 
heading  changes  is  the  tendency  of  the  system  to  wait  until  tlie  aircraft 
are  very  close  before  issuing  commands  rather  than  initiating  resolution 
sooner  when  modest  heading  deviations  would  resolve  the  encounter. 

Maneuver  Rates 

Subject  pilots  were  briefed  that  when  a turn  command  was  displayed  a 
response  with  a bank  angle  of  20  degrees  would  produce  safe  resolution  (Ref.  b 
page  12).  They  were  also  Instructed  that  an  extra  margin  of  safety  could  be 
provided  by  turning  with  a steeper  bank  angle.  As  previously  discussed,  some 
pilots  modified  their  response  according  to  their  perception  of  tlie  threat 
while  some  others  refused  to  follow  the  command.  Figure  5-13  compares 
the  subject  pilot  turn  rate  between  the  third  and  fourth  scan  (14  sec)  of 
horizontal  positive  commands  with  the  turn  rate  between  the  fifth  and  sixtli 
scan  (22  sec)  of  horizontal  positive  commands  (only  cases  in  whicli  positive 
comm.'inils  persisted  for  at  least  six  consecutive  scans  are  included).  The 


TURN  RATE  AT  22sec  (deg/sec) 


ATC-85(5-13) 


(SUBJECT  PILOTS) 


TURN  RATE  AT  14  sec  i 

(deg /sec)  ] 

] 

Fig. 5-13.  Subject  pilot  turn  rates  at  14  and  22  seconds  j 

after  horizontal  commands  were  received.  j 
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data  rovoals  a tendency  for  pilots  to  respond  to  horizontal  commands  after 
lour  scans  at  an  average  rate  of  approximately  3 degrees/second,  decreasing 
this  averai;e  rate  thereafter.  This  tendency  appears  to  he  the  result  of 
pilots  anticipating  the  termination  of  comm.mds  or  feeling  they  are  being 
required  to  execute  excessive  maneuvers. 

Subjects  were  briefed  tliat  when  flying  low  performance  aircraft,  climbs 
should  be  made  with  the  best  rate  of  climb  and  descents  should  be  made  using 
.1  vertical  rate  of  at  least  1000  feet  per  minute  (Ref.  b pg.  12).  When  flying 
higher  performance  aircraft  pilots  were  briefed  that  a vertical  rate  of  1000 
feet  per  minute  was  adequate,  with  higher  rates  providing  an  extra  margin  of 
altitude  separation.  A rate  of  1000  feet  per  minute  would  result  in  an  alti- 
tude change  of  66  feet  for  each  antenna  scan.  The  subject's  vertical  respi>nse 
fFlg.  5-14)  during  the  vertical  command  sequence  shows  that  tlie  majority  of 
pilots  responded  at  less  than  the  recommended  rates.  After  8 scans  (32 
seconds)  only  about  one-third  had  achieved  more  than  300  feet  change  in 
altitude.  "Zoom  climbs"  in  which  a pilot  sacrifices  airspeed  for  a maximum 
climb  rate)  were  very  rare.  Pilots  generally  considered  the  zoom  climb  an 
undesirable  maneuver. 

Responsibility  of  Overtaking  Aircraft 

Pilots  receiving  indications  of  traffic  behind  them  (at  6 o'clock)  felt 
that  they  should  not  receive  positive  commands  in  this  situation  — they  felt 
that  Che  overtaking  aircraft  should  be  responsible  for  the  resolution.  They 
preferred  that  the  overtaking  aircraft  be  vectored  around  the  slower  aircraft 
with  the  slower  perhaps  being  given  a negative  command  to  prevent  an  inadvertent 
blunder  into  the  traffic. 
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Fig.  5-14.  Subject  pilot  re.‘?ponse  to  TPC  vertical  commands. 
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Confusing  Message  Transitions 

In  some  encounters  the  PWI's  and  commands  displayed  to  the  pilot  under- 
went rapid  and  counter-intuitive  changes  which  confused  the  pilot  and  made  It 


Impossible  for  him  to  react  properly  to  the  Information  being  displayed.  A 
common  sequence  of  changes  might  involve  displaying  an  initial  ordinary  PWI 
then  a flashing  PWI^  a negative  command,  a positive  command  in  one  plane, 
an  additional  command  in  the  other  plane,  and  a final  ordinary  PWI,  All  these 
transitions  could  occur  within  a 30  second  interval.  Many  command  states 
persisted  for  only  two  scans  and  were  thus  changed  almost  before  the  pilot 
could  begin  responding  to  them.  Serious  difficulties  arose  in  connection 
with  command  reversals.  In  some  encounters  the  direction  of  a horizontal 
command  was  reversed  on  the  same  scan  during  which  an  additional  vertical 
command  was  added.  Pilot's  sometimes  read  the  additional  vertical  command 
but  failed  to  note  the  command  reversal  and  continued  turning  in  a direction 
opposite  to  that  requested  by  the  new  command  (see  Example  38  of  Appendix  C) . 
At  other  times  the  reversal  destroyed  the  credibility  of  the  system's  resolu- 
tion strategy  and  pilots  simply  refused  to  follow  the  reversed  command  (see 
Example  39  of  Appendix  C) . 

5.5.4  Pilot  Acknowledgement 

The  pilot  acknowledgement  feature  of  IPC  exhibited  several  deficiencies 
which  led  to  unsatisfactory  test  results  during  subject  pilot  testing.  Areas 
of  major  difficulty  are  detailed  below: 


Concept;  The  meaning  and  purpose  of  the  pilot  acknowledgement  were 
never  clearly  defined  In  a consistent  concept  statement.  The  IPC  algorithm 


document  (Ref.  2)  states  that  "Each  IPC  'do'  or  'don't'  message  Is  acknowledged 
by  the  pilot  activating  a 'will  comply'  or  'won't  comply'  switch...". 

Since  the  inception  of  the  flight  test  program  other  statements  and  documenta- 
tion liave  substantially  altered  tiie  above  concept.  Urst,  the  "won't  comply" 
switch  has  been  eliminated,  thus  allowing  the  pilot  only  a single  affirmative 
response  option.  Secondly,  the  "will  comply"  meaning  was  eliminated.  Pilots 
were  briefed  that  commands  were  mandatory  and  tliey  were  expected  to  acknowledge 
every  command,  complying  with  that  command  to  the  extent  practicable.  Thus 
pilots  acknowledged  even  when  they  could  or  would  not  comply  at  all.  These 
changes  resulted  in  the  acknowledgement  button  losing  most  of  its  information 
content  and  becoming  little  more  tiian  a manual  duplication  of  tlie  DABS 
technical  acknowledgement  feature  (simply  meaning  "message  received") . This 
point  is  shown  clearly  in  Fig.  5-15  which  presents  the  distributions  of  turn 
magnitudes  executed  by  acknowledging  and  non-acknowledging  pilots.  The 
amount  of  information  in  the  acknowledgement  is  determined  by  the  extent  to 
whicli  its  presence  alters  our  a priori  estimate  of  the  distribution  of  pilot 
responses.  It  can  be  seen  from  the  figure  that  the  distribution  of  turn 
magnitudes  is  essentially  independent  of  whether  or  not  the  pilot  acknowledged. 

Cockpit  Implementation 

The  flight  test  implementation  of  the  pilot  acknowledgement  feature  was 
modified  during  the  testing  to  reflect  the  concept  changes  mentioned.  For 
example,  when  the  acknowledgement  had  a "will  comply"  connotation  the  aural 
alarm  was  sounded  for  only  a fixed  period  following  the  appearance  of  commands. 
When  it  was  decided  that  acknowledgement  should  imply  only  "message  received" 
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the  aural  alarm  was  soutuled  continuously  until  the  pilot  acknowledged.  This 
resulted  in  pilots  pushing  the  button  to  silence  the  alarm. 

Other  factors  modified  during  tlie  testing  included  tlie  location  of  tlie 
button,  its  size,  and  the  feedback  which  tells  the  pilot  whetlier  the  button 
lias  been  properly  pushed.  Some  pilots  objected  to  having  to  return  tlieir 
attention  to  the  instrument  panel  in  order  to  locate  and  push  the  button. 

Others  stated  tliat  the  button  was  too  small,  poorly  located  (on  the  ll’C  dis- 
play), poorly  lighted,  and  did  not  provide  a physical  indication  ("click")  when 
properly  activated.  A larger  button  providing  the  requested  feedback  was 
placed  within  easy  reacli  on  the  yoke  in  each  of  the  test  aircraft.  This 
revised  installation  did  not  fully  resolve  the  issue. 

Pilot  Workload  Considerations 

The  pilot's  successful  use  of  the  acknowledgement  button  depends  upon 
workload  constraints.  There  was  concern  that  the  effort  of  acknowledging 
would  delay  the  initiation  of  the  avoidance  maneuver.  Therefore,  pilots  were 
briefed  to  push  the  button  after  the  avoidance  maneuver  had  been  initiated. 
Under  the  stressful  conditions  of  avoidance,  the  button  was  often  forgotten 
until  after  the  eight  seconds  allowed  for  acknowledgement  had  passed.  In  the 
eight  seconds  following  the  abrupt  appearance  of  a command  a pilot  must  read 
the  display,  decide  if  he  can  comply,  and  put  the  airplane  into  the  maneuver. 
Pilots  were  often  attempting  to  visually  acquire  the  traffic  at  the  same  time. 
Tlie  neglect  of  workload  items  of  lesser  importance  in  tliis  time  interval  is 
understandable . 
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upon  the  presence  or  absence  of  acknowledgement.  For  instance,  if  acknowledge- 
ments were  received  from  two  conflicting  VFR  aircraft  the  Issuance  of  additional 
commands  were  suppressed  for  the  duration  of  the  declared  conflict  regardless 
of  the  outcome.  If  a VFR  aircraft  was  in  conflict  with  an  IFR  aircraft  and 


the  VFR  failed  to  acknowledge,  additional  commands  were  sent  to  the  VFR  and  com- 
mands to  both  dimensions  were  simultaneously  issued  to  the  IFR,  regardless  of 
whether  the  IFR  threshold  values  were  exceeded. 

Benefits 

The  benefits  of  any  pilot  input  feature  must  outweigh  the  inconvenience 
associated  with  its  use.  These  benefits  should  be  apparent  if  the  pilot 
is  to  be  motivated  to  use  the  feature.  It  was  found  in  testing  that  pilots 
felt  they  received  no  benefit  from  acknowledging.  In  fact  some  pilots  even 
welcomed  the  additional  command  which  was  usually  Issued  when  they  were  declared 
non-acknowledging.  They  felt  it  provided  an  additional  option  for  resolving 
the  conflict. 

In  summary,  the  pilot  acknowledgement  feature  was  not  found  to  be  a 
necessary  or  beneficial  element  of  the  IPC  design.  It  was  not  satisfactory 
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accord  ng  to  the  follow!  ig  criteiia:  adequate  motivation  for  the  pilot,  clear 


meaning  of  input,  easily  sed  hardware,  sufficient  time  to  respond,  appropriate 
use  of  input  by  the  system. 

5.5.5  Cockpit  Workload 

Cockpit  workload  was  impacted  only  minimally,  in  the  VFR  environment 
of  the  flight  tests,  by  proximity  warnings  or  negative  commands.  However,  the 
issuance  of  positive  commands  to  avoid  a nearby  aircraft  increased  the  cock- 
pit workload  considerably. 

The  proximity  warning  service  aided  pilots  in  the  performance  of  their 
search  task,  thus  reducing  their  workload.  Pilots  were  able  to  locate  traffic 
earlier,  thus  allowing  additional  time  to  make  avoidance  decisions.  This  pro- 
vided a sense  of  Increased  protection  from  nearby  aircraft.  In  tests  without 
the  tone  accompanying  the  ordinary  PWl , pilots  complained  of  having  to  include 
the  IPC  display  as  part  of  their  instrument  scan  procedure.  Pilots  were 
briefed  that  this  was  unnecessary  because  they  should  be  concerned  with  these 
ordinary  PWI's  only  when  they  intended  to  maneuver.  Then  they  were  to  use 
the  PWI  to  locate  the  traffic  before  initiating  a maneuver.  Pilots,  however, 
preferred  to  be  aware  of  the  ordinary  PWI  as  soon  as  it  was  presented.  Thus 
tlie  audio  tone  accompanying  tlie  ordinary  PWI  was  welcomed  as  it  allowed  pilots 
to  fly  their  aircraft  without  continual  reference  to  the  IPC  display  to 
determine  whether  nearby  traffic  was  being  Indicated.  Pilots  also  felt  that 
negative  commands  reduced  their  workload.  Knowing  how  to  stay  out  of  trouble 
with  nearby  aircraft  reduced  the  time  devoted  to  threat  evaluation,  especially 
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wlioii  till'  ir.-iri'lc  cimlil  not  lio  locatod  visually.  I’tlot.s  did  not  consider  tlic 
iu>;atlvo  commands  as  overly  restrictive.  Ntirmally  tl>ey  li.ad  no  Intention  o! 
maneuvering  aiul  tlie  negative  comm;n»d  did  not  .il  feet  their  1 I ight  path.  II 


they  did  liave  a desire  to  maneuver  In  tlie  direction  prolt  lli  1 teil , thev  tltought 
tl  pruilent  to  di'lay  or  modify  their  maneuver  until  they  hail  ac<|uired  the- 
aircraft  causing  the  command. 

The  receipt  of  positive  commands  In  the  cock)>lt  caused  the  workload  to 
Incri'ase  dramat  tc.il  1 v.  Pilots  attempted  to  evaluati’  the  i- fleet  v'l  tlie  com- 
maiiiled  maneuvers  upon  t lu’  coni  I let  sltu.itlon,  their  own  I'hiectlves,  and  the 
status  of  their  aircraft.  Minimal  w.irnlng  situations  incn'ast'd  the  pilot 
stress  due  to  the  reduci'd  time  available  for  understanding  aiui  interpreting 
the  strategy  being  imposeil  lUi  the  encounter  by  the  ciimmand. 

When  conmuinds  were  changed  several  times  during  a single  I'ncounter  Idui’ 
to  pos  1 1 1 ve/iu'gat  1 ve  transitions,  ci'mmand  reversal,  or  addition  ol  commands') 
pilots  often  toll  that  they  were  unable  to  evaluate  the  implliMtlons  ol  siu-h 
instructions  but  v^ere  In’ I ng  forccil  to  susi'cnd  tbelr  Judgi’ment  aiui  bliiullv 
lollow  the  Instructions  of  the  system.  Pilots  wlu>  prided  themselves  upi’ii 
cautious,  methodical  living  fell  that  they  were  no  longer  in  ci'nlrol  of  t he 
situation.  If  pilots  w<>re  pi, iced  In  this  uncomfort.ib  1 e position  by  .in  IPC 
command  which  had  prevented  visual  ;iC(iu  Is  1 1 imi  (see  Section  they  often 

Indlc.ited  th.it  thev  would  subseejuent  1 y refuse  lo  comply  with  such  comm.nuls. 

In  cert.-iln  r.ipidiv  ch.inglng  threat  situ.atlons  IPtl  m.ay  h.ive  to  .alter  the 
display  more  r.apldly  th.an  is  deslr.able  from  the  hum.an  factors  viewpoint.  Hut 
the  current  I I’ll  resolution  logic,  often  exhibits  this  r.ipid  dlspl.iy  ch.ange  In 
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I'outlne  ci'nfllcts. 


riu'  prosoiu'*'  »'l  imilllplo  t’Wl  nuliMltons  r,ni  .1  sitii.ill>n\  In 

wl>trl\  ll\i'  pilot  ';i  .il'ilttv  to  lo.iil  till'  ilispl.iv,  so.lfoh  lot  tf.ittli',  .iml 
int  I'tpfol  il  1 sp  1 ovoil  1 111  ot'mat  ion  Is  om-oi'iIoiI  , 

In  snmm.u  v,  slnp.lo  I’Wl  .iloi  ls  .iml  nop.it  Ivo  oomm.in.ls  .ippo.ii  o.l  to  Po 
vofv  oomp.itil'lo  with  worklo.ul  .-ons  t r.i  i nt  s .nui  olton  1 oiliuoil  I ho  noim.il  I'ilol 
wovlvlo.iii.  Posit  i VO  oommaiuls  fi'snltoil  in  1 nv'ti'asoh  workload.  Kapiillv  I'hanpinp 
posltivo  oommaitils  anh  mn  1 1 1 )' 1 o PWl  ali’fts  olton  I'vof  1 oadoJ  pilots  anil  rosultoil 
in  nnlavoral'lo  roaol  ions. 

'i , ti  t'thor  Snl'joit  Pilot  Kosnits 
S.ti.l  rho  IPt:  Pisi'lav 

A slnp.lo  1 PtI  illsplav  iloslpn  was  ntlli/oil  I hi  onphont  t ho  tlip.hl  loslinp, 
sinoo  t ho  i nvost  i j’.al  I on  ol  altornallvo  oookpll  illsplav  ilosij’.ns  was  hovonil  I ho 
soopo  ol  tho  tost  pioptam.  Vorv  littio  I ami  1 lat  I .-.at  Ion  was  toiiniroil  to  onahlo 
pilots  to  foail  tho  IPi:  ilis|>lav  tPlp.  .1.1).  Somo  I'ilots  loll  that  tho  ilisplav 
was  too  olahoiMto  lot'  I ho  amount  ol  Inlormal  ion  prox'iiloil.  Ihov  soomoil  10 
lool  that  a null  ti’ilh  M>  llphls  shonlil  j'toviilo  moto  than  |nsl  ihioat  hoarinp, 

.mil  tho  Ihfoo  altltnilo  bins.  Phov  olton  mont  lonoil  ihioal  ranpo  aiui  ahovo  holow 
thro.it  altitnilo  as  ili'sli'Oil  Inlofinalion  (soo  Soot  ion  a . 1 . 1 ) . 

Si>iiu'  pili'ts  oh)i'i'ti'il  1 1'  tho  ri'il  I'l'loi  ol  t hi'  pi'i'ximitv  waininp.  lip.hti*. 

Vhov  loll  roil  shonlil  ho  losoivoil  lot'  omoiponov  situations  anil  that  amhoi  wonKI 
ho  .1  hot  tot  oholoo  lof  PWl.  Tho  1.11'  liphts  nsoil  woro  olton  washoii-ont  hv 
sni'.llphl  ami  thofotoro  nnroail.ih  1 o ilni  inp  il.ivllpht  opoiatlons.  I'ho  Tin's  woto 
too  hi  IphI  in  tho  ilark  lookpll  ihii  iiip  nlplil  opoi.itlons  psoo  Soolion  '.i'..’'. 
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No^>itl_yi'  ^AMnmaiuls  Kt* liifoivliijij^  Positive  C^mmaiul^s 

Cri'ou  arrows  are  used  to  Indicate  to  the  pilot  tl\e  direction  In  which 
to  maneuver.  Kach  arrow  Is  accompanied  by  a red  X to  indicate  that  a 
maiUHiver  In  the  o|)poslte  direction  Is  expressly  prolilblted.  I’lh'ts  1 1- 1 1 
this  practice  was  not  v>nly  redundant  and  unnecessary  but  that  It  clntiered 
tl>e  display  thus  reducing;  readability.  Pilots  wlio  l\ad  trained  tl\emselves 
to  lj;nore  the  reil  X's  and  look  only  for  the  pi>sltlve  conun.ind  IndlcalU'ns 
Ij^reen  arrow)  conld  fall  to  note  a lone  nenatlve  conuuand  wlUch  was  accompanied 
by  a positive  command  In  thi'  opposite  plane. 

PWl  Aud  io 

During  Initial  testing  an  audio  alert  was  provided  for  only  the  flaslilng 
PWl  indications.  However,  many  pilots  commented  that  an  aiullo  alarm  sIumiKI 
also  accompany  the  ordinary  PWl  (see  Section  ’j.S.S). 

In  later  missions  a single  tone  was  provided  for  the  ordinary  PWl  and 
a tiouble  tone  for  the  more  urgent  flashing  PWl.  It  Is  [>ossible  that  a single 
alarm  at  the  beginning  of  a PWl  setiuence  would  suffice  rather  than  a series 
of  alarms  liullcatlng  various  stages  of  conflict  development. 

A volume  I’ontrol  for  the  PWl  audio  alert  is  recoimneiuleil  to  allow  pilots 
to  adjust  the  amplitude  of  wanting  desired.  Some  pilots  were  concented  wltli 
the  distraction  associated  with  many  alerts  while  busy  performing  i-rltlcal 
ctmimun  leat  Ion,  navigation,  and  cockpit  duties  during  terminal  operations. 

These  pilots  could  utilize  such  a control  to  reduce  Intrusiveness  to  an 


acceptable  level. 


5.6.2  1 Pi'  at  Night 


SevL'ral  II’C  niission.s  were  flown  at  night  in  order  to  explore  d if f ere*nc;es 
between  pilot  reactions  under  daylight  and  night  visual  conditions.  In 
contrast  to  daylight  operations,  pilots  flying  at  night  were  consistently  able 
to  acquire  traffic  before  PWI  indications  were  received.  Aircraft  flasliing 
strobe  lights  or  rotating  beacon  lights  were  normally  visible  at  ranges  of 
10  miles  or  more.  However,  once  acquired,  pilots  found  it  mucli  more  difficult 
to  visually  evaluate  the  nature  of  the  threat  presented  by  the  traffic.  In 
particular,  range  to  the  traffic  was  difficult  to  estimate.  Often  several 
aircraft  were  visible  at  once.  In  these  situations  the  PWI  served  a valuable 
function  in  Informing  the  pilot  as  to  which  of  the  aircraft  constituted  a 
threat.  But  the  difficulties  of  visual  evaluation  Increased  the  level  of 
concern  experienced  upon  receipt  of  a PWI  or  command.  Pilots  valued  commands 
as  a solution  to  a tlireat  situation  which  they  could  not  easily  evaluate 
visu.illy,  but  there  was  also  increased  apprehension  concerning  commands  since 
the  effectiveness  of  tlie  commands  was  not  readily  monitored  by  visual  means. 
Pilots  seemed  to  feel  lust  as  strongly  as  they  had  in  the  daytime  tliat 
maneuvers  should  not  cause  them  to  lose  sight  of  their  traffic. 

Most  of  the  other  results  mentioned  previously  with  respect  to  daytime 
flying  were  also  observed  at  night.  Pilots  felt  that  the  system  must  be 
wrong  in  requiring  maneuvers  of  large  magnitude  even  though  they  could  not 
always  confirm  this  impression  visually.  They  also  attempted  to  extract  as 
much  information  as  possible  from  the  PWI  indications.  In  this  respect  they 
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reacted  in  a manner  similar  to  pilots  flying  in  daylight  who  were  unable  to 
acquire.  They  expressed  frustration  that  the  PWI  was  unable  to  provide  them 
with  the  range  and  relative  altitude  of  traffic. 

Pilots  also  commented  upon  the  brightness  of  the  IPC  display.  They  felt 
that  its  brightness  adversely  affected  their  night  vision.  Display  brightness 
was  not  adjustable  on  the  displays  used  in  flight  testing  and  pilots  suggested 
that  such  adjustability  be  added. 

5.7  Summary  of  Subject  Pilot  Results 

Subject  pilot  flights  evaluated  the  reactions  of  pilots  flying  under 
visual  flight  rules  to  the  PWI  and  resolution  service  offered  by  the  IPC  sys- 
tem. It  was  found  that  the  visual  acquisition  performance  of  pilots  could  be 
mathematically  modeled  as  a non-homogenous  Poisson  process  in  which  the  rate 
of  acquisition  is  proportional  to  the  angular  area  of  the  traffic.  Test  data 
indicates  that  PWI  alerts  increased  the  rate  of  visual  acquisition  by  a factor 
of  approximately  6.  Pilot  reaction  to  the  enhanced  acquisition  capability 
provided  by  PWI  was  highly  favorable.  When  pilots  were  unable  to  visually 
acquire  indicated  traffic,  reactions  to  PWI  were  mixed.  When  failure  to 
acquire  was  due  to  airframe  blockage,  pilots  sometimes  felt  compelled  to 
maneuver  in  order  to  obtain  an  unobstructed  view  of  the  threat.  Tliese 
maneuvers  sometimes  resulted  in  a decrease  in  existing  separation.  On  some 
occasions  pilots  attempted  to  avoid  based  upon  PWI  information  whlcli  was 
inadequate  for  choosing  a suitable  maneuver.  Frustration  with  the  limited 
information  content  of  tl\e  PWI  alert  was  expressed  in  these  situations. 


The  concept  of  pilots  utilizing  tlie  PWI  to  visually  acquire  and  provide 
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tlieir  own  separation  from  traffic,  thus  eliminating  the  need  for  commands  was 
found  to  be  unwi>rk.able . Commands  were  generally  generated  before  the  subject 
pilots  were  close  enough  to  decide  on  a course  of  action,  or  before  the  ll’C 
tracking  could  react  to  the  effects  of  their  maneuvers.  Pilots  recognized  but 

were  not  overly  concerned  with  PWI  bearing  error  due  to  wind  induced  crab  and  | 

i 

tracking  lag  during  turns.  They  expressed  confidence  in  their  ability  to 
distinguish  tlie  I’WI-ind  icated  traffic  from  other  traffic  acquired  visually. 

Conflict  resolution  using  see-and-avoid  techniques  was  Investigated 
in  a small  number  of  flights  in  which  pilots  resolved  conflicts  witliout 
IPC  commands.  No  overwhelming  preference  for  either  vertical  or  horizontal 
maneuvers  was  apparent.  When  appropriate,  pilots  preferred  a slight  turn  to 
pass  behind  traffic  crossing  their  path  ahead  of  them.  Pilots  felt  it 
essential  to  keep  the  traffic  in  sight  while  it  posed  a potential  throat. 

Conflicts  were  resolved  by  one  of  the  aircraft  executing  a small  magnitude 
maneuver  in  either  the  horizontal  (10-30  degree  heading  change)  or  vertical 
(change  of  300  feet  or  less  in  altitude)  dimension  or  some  combination  of  the 
two.  Pilots  monitored  the  effectiveness  of  these  miineuvers  visually  until  the 
threat  had  passed.  In  over  80  percent  of  the  conflicts  using  see-and-avoid 
the  aircraft  closed  to  within  the  positive  command  thresholds  of  the  IPC  algorithm. 

Experimental  results  revealed  that  pilots  with  visual  contact  felt  comfortable 
even  though  separation  from  another  similar  general  aviation  aircraft  was 
only  1500  feet  laterally  or  200  feet  vertically. 
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Pilots  responded  favorably  to  IPC  commands  when  they  could  not  locate 
their  traffic  or  when  they  had  not  approached  close  enough  for  effective 
visual  evaluation  of  the  threat.  But  once  satisfactory  visual  evaluation  of 
the  threat  was  achieved,  the  pilots  felt  that  visual  separation  assurance 
should  take  precedence  over  automated  resolution.  Mandatory  commands  were 
then  felt  to  be  an  imposition  on  their  authority,  forcing  them  to  relinquish 
control  of  readily  controllable  situations.  The  commands  often  conflicted 
with  the  pilot's  evaluation,  and  produced  a feeling  that  the  commands  were 
unnecessary  or  unsafe.  Pilots  objected  to  being  forced  to  lose  sight  of  the 
traffic.  They  were  unhappy  with  executing  large  magnitude  maneuvers  and  they 
generally  were  uncomfortable  with  being  placed  into  open-ended  maneuvers. 

When  one  pilot  refused  to  comply  with  IPC  commands,  the  commands  Issued  to 
the  other  pilot  could  be  ineffective,  detrimental,  or  of  excessive  magnitude. 

The  above  observations  involving  subject  pilots  provide  considerable 
insight  into  the  ultimate  success  of  an  automated  collision  avoidance  system. 
Many  pilots  suggested,  and  the  PWl-only  test  verified,  that  they  will  be 
comfortable  with  relatively  small  miss  distances,  provided  that  they  can 
continuously  monitor  the  traffic  visually.  Some  felt  strongly  enough  to 
recommend  that  there  be  an  "I've  got  it"  button  which  the  pilot  could  use  to 
signal  the  system  that  he  is  accepting  responsibility  for  separation  from  a 
particular  aircraft.  It  appears  that  the  success  of  IPC  in  giving  acceptable 
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advice  to  pilot  will  be  greatest  bi'fore  visual  evaluation  when  the  system 
clearly  knows  more  about  the  situation  than  the  pilots.  But  whenever  the 
pilots  obtain  a good  visual  assessment  of  the  threat,  automated  resolution 
is  likely  to  be  compromised  by  independent  pilot  behavior. 
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RKLATIVK  MOTION  ANALYSIS  ] 


A.  1 All  Aircraft  Pair  as  a Dynamli  Svstom 

l’i>r  aiialvLical  purposes  the  motion  of  a pair  of  ait'  raft  may  be  modeled 
in  terms  of  a dynamic  system  for  whicii  a set  of  stale  v.irijibles  provide  a 
complete  description  of  tin  state  of  sy.  tern  at  any  given  instant.  The  manner 
i‘!  which  these  s' ate  variables  change  with  time  under  given  control  Inputs  is 
detenu  j lied  by  a set  of  differential  equations  known  as  stall  equat  ions . I'he 
particular  cnoice  of  state  variables  for  a given  system  is  not  unique  (e.g., 
many  different  coordinate  systems  could  be  chosen)  but  the  number  of  inde- 
pendeiu  var  i ibles  which  aie  required  lor  a svstem  of  given  comp  1 e.x  i ty  is 
uniqui  . Bei-ause  analysis  of  collision  avoidance  requires  only  a knowledge  of 
how  aircraft  move  relative  to  one  another,  the  dynamic  system  employed  in 
analysis  can  be  simplified  in  order  to  utilize  the  minimum  number  of  variables 
which  aile(|uately  describe  relative  motion.  For  the  analvsis  which  follows  it 
will  be  assumed  that  during  the  course  of  .in  encounter  .lircraft  fly  at  con- 
stant airspeeds  .aid  that  all  contr.il  over  .liicialt  mol  ion  is  efiected  tlua'ugh 
heading  changes  (turns).  Ihider  these  assumptions  .1  des.-riplion  ol  the  rel.i- 
t ive  motion  can  be  obtained  with  only  five  sl.ite  variables,  line  choice  01  the 
five  variables  which  is  useful  in  understanding  the  effect  of  control  actions 
utilizetl  range,  relative  bearings,  and  airspeeds  (see  Fig.  4-2).  Relative 
bearings  are  measured  positive  clockwise  from  the  veloiity  vector  of  the  air 

The  state  equ.itions  for  this  clu'ici 
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c ra  ft  o i in  I eresi  . 


of  v.iri allies  ,ire: 


f = -V^  cos  02  ~ cos  8^ 


_ V sin  8~  + V.  sin  6, 

- J-.  2 _ 1 . .1  - 0)^ 

r 

* sin  3„  + V sin  3, 

P2  “ _£ 2 1 1 - (jl)^ 

r 

= 0 


"2  = 0 (5) 

where  Uj^  and  are  the  turn  rates  of  aircraft  1 and  aircraft  2 respectively. 

Because  the  five  state  variables  provide  a complete  description  of  the 
statv.  of  the  dynamic  system,  any  other  quantity  which  describes  the  relative 
motion  can  be  written  in  terms  of  these  five.  Table  A-1  provides  state  variable 
definitions  of  certain  other  quantities,  several  of  which  will  be  mentioned 
in  the  text  which  follows.  The  crossing  angle,  x»  is  the  heading  difference 
measured  positive  clockwise  with  the  heading  of  aircraft  1 as  reference.  Miss 
distance,  m,  is  a signed  quantity  whose  magnitude  is  the  separation  at 
closest  approach  which  would  result  from  rectlininear  flight  at  current 
headings.  The  sign  of  miss  distance  is  positive  if  the  range  vector  rotates 
clockwise,  negative  if  it  rotates  counterclockwise. 

Natural  (Rectilinear)  Motion 

The  first  step  in  understanding  the  behavior  of  the  dynamic  system 
defined  above  is  to  understand  the  properties  of  relative  motion  under  rec- 


tilinear flight  = 0)2  = 0).  Since  this  mode  of  flight  occurs  in  the 
absence  of  control  inputs,  we  will  refer  to  such  motion  as  natural  motion . The 


TABLE  A-1 


VARIOUS  JRKl^ATIVE  MOT  I ON  VARIABLE^ 
EXPRESSED  IN  TERMS  OF  STATE  VARIABI.ES 


(Note:  y ‘ V^/Vj) 

Scale 

Variable  Factor  Expression 


Miss  distance,  m 

r 

ysin  |3^  + sin 

1 1 + y^  + 2ycos(Pj 

Crossing  angle,  x 

- 

Time  to  path 
crossing 

r/V, 

sinp 

sinlp^-pj) 

sinp 

TTX?  * 

ysin(p^-P2) 

Range  rate 

''l 

-ycos  Pp  - cos  pj 

Time  to  closest 
approach 

r/V^ 

ycos  P2  + cos  Pj 

1+  y^  + 2y  cos(Pj  - P^) 

Relative  velocity 
(speed).  V 

11  + y^  + ?y  cos(pj  -P^)|^^ 

Tdu  (-r/rl 

r/v, 

1 

ycos  p^  + cos  p^ 

A-3 


t o I l«.>wiiig  propiTt  it’s  ot  natural  nu’tinn  apply  to  an  encounter  in  wliich  aircraft 
begin  at  infinite  range  ami  fly  to  closest  approach  wiliiout  turning: 

1 ’ r OJ1  e r t ^e_s  o f_  N a 1 1 ira  I (Rec  t i H near)  Mo_t  ion 

1.  Miss  distance  ami  crossing  angle  are  constant. 

2.  At  closest  approach  the  range  rate  is  zero.  (Necessary 
stationary  condition  for  a minimum). 

).  The  bearing  rate  is  the  same  for  both  aircraft  (Kguations 
1)  and  3 with  a'j  = = 0)  . 

A.  The  sign  of  the  miss  distance  is  the  same  as  the  sign  of  the 
bearing  rate  from  equation  2,  and  m from  Table  A-1). 

5.  Between  infinite  range  and  closest  appiaiach,  bearing  changes 
by  90*^'.  (Obvious  from  geometry). 

6.  The  bearing  rate  is  small  at  long  ranges  and  is  a maximum  at 

• > 

closest  approach  (Note  that  B = Vm/r~). 

7.  For  zero  miss  distance  trajectories  the  bearing  rate  is  zero. 

8.  Unequal  speed  aircraft  are  always  In  motion  rel.itive  to  one 
anotlier,  but  when  equal  speed  aircraft  fly  with  zero  crossing 
angle,  they  are  in  a unique  state  for  which  there  is  zero 
relative  velocity. 

A graphical  procedure  for  depicting  the  relationship  between  various 
relative  motion  quantities  may  now  be  introduced.  With  and  B2 
ordinate  and  abscissa  respectively,  contours  of  constant  value  for  the  quanti- 
ties of  interest  are  plotted.  Construction  of  two  dimensional  plots  requires  that 


the  pli)ttoci  quantities  be  normalized  in  an  appropriate  manner.  Quantities 
With  units  or  disianoe  will  be  normalized  to  r and  quantities  with  units  of 
velocity  will  be  normalized  to  . Time  units  may  then  be  expressed  in  terms 
of  r /V  I . 

i'lie  es.sential  properties  of  natural  motion  are  Illustrated  in  Fig.  A-1 
istng  r hese  conventions.  Contours  of  constant  i rossing  uigle  are  simiily 
lines  of  45^’  slope  Since  x is  constant  for  n.itural  motion  (property  1), 
all  clian  es  i,  bearing  which  occur  as  the  .ilrcraft  fly  past  each  other  must 
result  tn  the  locus  of  the  encounter  moving  at  45^  along  the  appropriate  x 
contour.  Contours  of  constant  normalized  miss  distance,  y = m/r,  provide 
further  information  concerning  the  nature  of  this  motion.  Fig.  .4-1  miss 
distal  ce  coiit  urs  foi  a speed  ratio  ~ procided.  loi  finite 

miss  dist.in  es,  too  initial  location  of  the  encounter  i.-:  near  tlie  y = 0 con- 
tour, ant.  t e 'ocus  converges  at  closest  approach  to  either  the  +1  or  -1 
CO.  tour  depending  upon  tlie  sign  of  the  miss  disiance.  Note  tint  tiie  iiearing 
ch.  gc  w ich  occurs  between  the  y - 0 contoui  and  tlte  y = + I contour  is 
always  oi  magut  de  90^^  (property  4).  Tne  y = + 1 contours  are  also  con- 
tours of  z ro  angn  rate  (property  1).  For  all  points  outside  these  coutmirs, 
t!ie  ra  ge  i s i reusing.  As  aircraft  pass  closest  ipproaclt  tlte  encounter 
locus  continues  a move  in  the  same  direction  until  approaching  tlie  y = 0 
coot. ur  in  the  region  of  positive  range  rate. 
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KfH.A-l.  N.itiir.il  (fi'cl  i 1 liii'iir)  miXion  ilol  inoJ  witli  ri'li’roiu'o  to 
iiituoiirs  of  i'i-ossin>’,  .iiinlo  \ ;mii  norma  I i zoii  miss  liistaiu'o. 
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Kor  zero  miss  distance  encoiintors  tlio  motion  of  tlio  loons  is  simply  .1 
ck“o,i‘iu>  ati'  oasf  <>!'  the  motion  dosorihod  above:  ihe  iMiconnter  loons  remaii\s  on 
tile  11  (I  oontonr  until  zero  ranne  and  tlien  movi's  I8O'  to  the  zero  contour 
in  the  region  ot  positive  range  rate.  It  should  be  kept  In  miiul  that  for 
natural  iiu't  ion  all  chanj'.es  in  the  m/r  value  aie  diu'  to  i hangi's  in  t lie  tlenom- 
inator  and  that  the  miss  distance  m is  constant. 

I'oroed  (.rnriiiiij^)  Motion 

When  a roratt  turn  to  avoid  ci'llision  t lu'  I 01  oed  motion  which  ri'sults 
alt  IS  till-  miss  distaiiie.  A trajeotoi  se.gmeiit  containing  a turn  may  be 
represented  in  ti'rms  of  piecewise  rectilinear  .'-i-gments  as  shown  in  l-'ic,.  A-2a. 
In  a dyn.imic  sinnie,  the  aviual  turn  which  takes  ['lace  betwei'ii  It  and  C is 
. oiu'i'iit  ateil  into  two  turn  rate  impulses  whose  integrated  sum  eipials  the 
total  heailing  change.  Two  properly  timed  turn  rati'  impulses  allow  the 
el  feet  I th  actual  turn  to  be  modeleil  exact 1\  in  the  sense  that  an  aircratt 
I'xecuting  till'  impulsive  turns  arrives  at  point  tl  at  the  same  time  and  with  the 
s iiiie  headiiii.  'S  an  arreraft  flying  the  actual  i urv  i I inear  path.  i'or  mo.'.i  pur- 
poses a siiiii  ler  ri'inesentat  ion  of  the  effect  of  turns  mav  be  achievi'd  hv 
util 'Zing  a single  impulsive  turn  which  o<  cm  s with  time  lielac 

>1 

relative  ti  he  time  at  which  the  turn  actu.ill\  began.  I'liis  aiipi  o\ im.it  ion 
isie  I'" ' g b'  results  in  the  aircraft  .111  ivmg  at  point  ('  with  tiu'  proper 
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ho;ui  Ln>;  but  lio  laved  someuhat  due  to  Llie  dil'l’eretu-e  in  path  ienulb  bi'twoi'u  the 
ai-tiial  and  tepresentaC  tve  f Light  paths.  This  erri'r  is  tvpleally  less  Ih.iu  2 
st'eunds  lor  turns  Less  than  60^,  and  if  both  aircraft  maneuver  eacli  is  deLayed 
in  a simiLai  fashion  so  that  the  net  effect  on  tlie  reiative  motion  tends  to 
canoe!  In  the  exampLes  which  folLow  the  slngLe  impulse  represi'utat i on  will 
be  util  1 /.ed  . 

The  effect  of  turn  impuLses  upon  the  encounter  Liicus  in  bearing  si>ace 
is  obvious:  a turn  impulse  results  in  an  immediate  change  in  bearing  with 
magnitude  etpiaL  to  the  (integrated)  magnitude  ot  tlie  impulse.  lii-aring  is 
incre  sed  by  loft  turns  and  decreased  by  right  turns.  LVn  plotting  purposes 
bearing  change  due  to  forv'ed  motion  may  be  distinguished  from  be.iring  chanp.i' 
due  to  natural  ii.otton  by  plotting  all  natural  motion  as  movement  along  1 im-s 
of  45*'  • li>i'e  and  ail  forced  motion  as  a sum  of  displacements  paiallel  tii  the 

i 

and  Iv,  axes.  Figure  A 1 is  such  a plot  of  a hypothetical  head-im  encounter  j 

which  is  resolved  by  both  aircraft  turning  right.  Since  the  range  cannot  5 

( 

chang.e  instantaneously,  changes  in  the  m/r  ratio  which  occur  undei  torci'd  ' 

motio'  must  correspond  to  changes  in  miss  distance.  In  the  example  the  forced 

motion  between  p'ints  2 aitd  3 results  In  a ihange  in  the  m/'r  rat  io  1 rom  -tl.20  i 

to  -0.82  and  thus  changes  the  miss  distance  by  a factor  of  4.1.  The  basic 

ch.arai-iei  istics  iif  the  two  tyiies  ot  motion  used  to  obtain  a completi'  represen- 

tatio''  i>i  relative,  motion  may  be  summarized  is  follows:  1 


Natural  Motion 


Forced  Motion 


Rec  t i I inear  f 1 i^ht 


Impulsive  turn 


Time  hi  apses 


Instantaneous 


Constant  Miss  Distance 

Motion  at  A5°  to  axes 

Bcarinj;  rate  increases  as  range 
decreases 

y ratio  between  two  points  equal 
to  inverse  of  range  ratio 


Constant  Range 

Motion  Parallel  to  axes 

Bearing  cluinge  equal  to 
heading  change 

y ratio  between  two  points 
equal  to  miss  distance 
ratio 


Tail  Contours 


Tabli’  A 1 provides  an  expression  for  unmodified  tau  (range  range  rate) 

in  terms  of  state  variables.  In  tliis  form  tau  may  be  plotted  in  units  of 

r/V^.  he  n od i f led  form  of  tau  utilized  by  the  IPC  algorithm  differs  from 

2 2 

ui modified  tau  oniv  by  the  factor  1 - D /r  where  D is  a constant  (see  Sec- 
tion 2'.  Thus  in  our  bearing  space  contours  of  either  form  of  tau  are 

t'lie  same  e- c pt  that  the  actual  value  of  tau  corresponding  to  a contour 
may  differ  due  to  the  difference  in  scale  factors.  Figures  A-4  and  A-5 
provide  tau  contours  labeled  in  units  of  r/Vj^.  Note  that  tau  is  a minimum 
at  - B.,  = 0,  lud  that  the  actual  value  of  tau  is  rather  insensitive  to  hearing 
near  'his  point.  However  tau  goes  to  infinity  as  the  range  rate  goes  to 

zero  (at  y ' + n.  In  these  regions  the  value  of  tau  is  hlglily  sensitive 

to  bearing.  This  sensitivity  results  in  erratic  tau  transitions  when  heading 
estimates  are  changing  due  to  track  jitter  or  aircraft  accelerations. 


I 
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A . 2 
riu'  ii’t: 
rales.  These 
Kale  A: 
Kale  B: 
Ka I e C : 


horizeatal  command  selection  loitlc  used  one  ot'  three  si'Iection 
rales  may  be  sanmiarized  as  follows: 

Tarn  aircraft  to  eliminate  closure  rate. 

Turn  aircraft  to  increase  the  existing  miss  distance. 

Turn  aircraft  to  reinforce  path  crossing;. 


i 

< 


Tile  algorithm  flowciuirt  (Ref.  I,  page  5-59)  specifies  the  logic  whicli  determines 
Vv’hicli  rule  to  apply  and  whicli  specific  turn  directions  to  choose  for  each 

A 

rale.  This  flowchart  uses  some  9 variables  to  describe  the  decision  to  be 
made  for  a given  pair  of  aircraft.  Each  of  these  9 variables  can  be  written 
in  terms  of  the  five  state  variables.  Each  test  performed  by  the  algorithm 
then  corresponds  to  a decision  boundary  in  the  five-dimensional  state  space. 

The  plotting  conventions  adopted  earlier  can  tfien  be  used  to  rediu'e  thi'  ni.iny 
branch  and  merge  points  of  the  defining  flowchart  to  a decision  map  in  state 
space  (see  Eig.  A-bl . If  the  estimated  locus  at  the  time  of  command  genera- 
tion is  s\ieclfied,  then  the  command  directions  can  be  read  at  a glance.  In 
the  evaluation  of  algorithm  behavior  it  is  convenient  to  replace  the  right/ 
left  notatii'ii  with  arrows  Indicating  the  directions  in  which  bearings  are 
forced  by  the  generated  commands.  Figures  A-7  and  A-8  provide  such  graphs  for 
speed  ratios  of  1:2  and  1:1, 


The  variables  used  Include  crossing  angle,  miss  distance,  the  product  of 
range  and  rate,  the  hemisphere  (right  or  left)  in  which  the  threat  is 
located,  the  times  to  path  crossing  and  the  derivatives  of  miss  distance 
with  heading. 
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BEARING  FROM  AIRCRAFT  1 TO  AIRCRAFT  2 
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A. 3 APPLICATION  OF  RELATIVE  MOTION  ANALYSIS  TO  IPC  HORIZONTAL  AVOIDANCE 
LOGIC 

S t atemen t of  Control  System  Objectives 

The  control  actions  required  to  assure  safe  separation  between  aircraft 

can  nou  be  formulated  in  terms  of  the  bearing  space  representation.  In  order 

to  avoid  collision,  the  locus  of  the  encounter  in  bearing  space  must  be  forced 

away  from  the  p = 0 contour.  If  a desired  minimum  separation,  s,  is  defined, 

tlien  a band  of  bearings  centered  upon  the  zero  contour  between  p = -s/r  and 

p = s/r  must  be  avoided.  If  resolution  is  effected  while  the  range  is  large, 

the  ratio  s/r  is  small  and  only  a very  narrow  band  around  p = 0 must  be 

avoided.  However,  as  the  aircraft  approach  closer,  a larger  fraction  of 

I range  must  be  converted  to  miss  and  the  region  of  "forbidden  bearings"  grows. 

i It  sliould  be  noted  that  a system  which  delays  avoidance  until  the  latest 

I possible  time  will  sometimes  require  large  heading  changes  to  effect  the 

desired  miss.  If  action  is  delayed  too  long  the  heading  change  required 

to  escape  the  forbidden  region  will  exceed  the  heading  change  which  can  be 

effected  in  the  time  remaining  before  closest  approach.  When  this  occurs 

achievement  of  the  separation  objective  is  no  longer  possible. 

I 

Detrimental  Turn  Magnitudes 

The  effect  of  a given  magnitude  turn  upon  the  ultimate  horizontal 
separation  at  closest  approach  is  a function  of  all  five  state  variables. 

* 

If  the  objective  of  the  turn  is  to  increase  the  magnitude  of  the  miss  distance 
then  it  is  convenient  to  define  the  maneuver  effectiveness  at  a given  locus 
as  the  magnitude  of  the  derivative  of  miss  distance  with  respect  to  heading. 

* 

This  is  the  strategy  upon  which  IPC  command  selection  Rule  B is  based. 
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In  lorms  of  the  miss  distance  contours,  the  effectiveness  is  related  to  the 
dLstance  between  contours  along  tlie  bearing  axis  of  tlie  aircraft  of  interest. 
For  equal  speed  aircraft  (Fig.  A-8) , the  contours  are  straiglit  lines  of  45^ 
slope  and  thus  tlie  maneuver  effectiveness  is  the  same  for  both  aircraft 
at  all  bearings.  However,  for  a 1:2  speed  ratio  (Fig.  A-7)  the  contours  are 
flattened  in  the  dimension.  Because  of  this  the  maneuver  effectiveness 
for  the  slower  a rcraft  is  less  than  that  of  the  faster.  In  fact  the  effec- 
tiveness of  maneuvers  by  the  slower  aircraft  is  at  best  W2  that  ot  the  faster 
(i  e..  equal  to  tie  speed  ratio).  At  worse  the  effectiveness  for  the  slower 
is  zero  (see  disiance  discussion  below).  The  slower  aircraft  is  thus  somewhat 
•It  the  mercy  of  the  faster  in  that  any  avoidance  maneuver  which  ho  undertakes 
can  be  cancelled  by  smaller  heading  changes  of  the  faster.  In  the  IPC  context 
this  f.ict  is  most  significant  when  .1  slower  aircraft  is  attempting  to  avoid  a 
f iste  unc  Timanded  (IFR  or  AI'CRBS)  aircraft.  .Such  cancellation  is  evident  in 
Fxample  '0  of  Appendix  C. 

The  effectiveness  vai ies  with  the  bearing  locus.  At  those  loci  for 
which  the  miss  distance  contours  are  parallel  to  the  axis,  the  maneuver 
effectiveness  is  zero.  These  loci  are  stationarv  points  for  miss  distance  with 
respect  to  correspond  to  headings  of  either  local  maximum  or  local 

minimum  miss  Toe  existence  of  headings  ol  maximum  miss  has  significant 

implications  for  collision  avoidance.  If  an  aircraft  is  flying  at  a heauing 
of  maximum  miss  then  am  perturbation  of  its  heading  will  decrease  miss. 
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Furtliermore,  if  the  magnitude  of  avoidance  maneuvers  are  not  well  controlled,  a 
nuaiouvor  whicli  is  initially  beneficial  may  overshoot  the  optimum  miss  heading 
aiul  result  in  decreased  miss. 

When  the  slower  aircraft  is  within  30^  of  nose-on  with  respect  to  the 
faster  aircraft  (-31)'^’  s g,  ^ 30”)  there  are  two  values  of  g for  which  the  miss 
distance  is  zero.  For  loci  located  near  the  concave  side  of  the  p = 0 
contour,  the  collision  headings  bracket  the  encounter  locus  in  a way  that 
severely  restricts  the  miss  distance  which  can  be  achieved  without  crossing 
the  p = 0 contour.  Crossing  this  contour  is  undesirable  due  to  the  pos- 
sibility of  deterlmental  results  (see  4.4.1)  and  recovery  hazards  (see  4.4.4). 

Anotlier  point  which  is  closely  related  to  those  above  is  that  the  slower 

' aircraft  is  often  limited  in  the  fraction  of  the  current  range  which  can  be 

1 

■ converted  to  miss.  This  can  be  deduced  from  the  miss  distance  contours 

, by  noting  that  for  -60*  < 3,  < 60*^  perturbation  of  alone  cannot  dis- 

i place  the  locus  through  the  p = + 1 contours.  In  fact,  if  = 0,  the 

maximum  possible  p value  is  less  than  0.5.  On  the  other  hand,  the  faster 
aircraft  can  reach  p = + I regardless  of  the  value  of  g^. 

' Rule  A Strategy 

Command  selection  Rule  A attempts  to  decrease  the  closure  rate  to  zero 
by  turning  each  aircraft  away  from  the  other.  In  many  situations  there  is 
no  turn  which  simultaneously  decreases  closure  rate  and  increases  miss  dis- 
tance (see  Fit',.  A-9  for  example).  Then  the  goal  of  command  selection  Rule  B 
( I n.  re.is  I ng  pri>iected  miss  distance)  must  be  opposed  in  attempting  to  apply 
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AIRCRAFT  2 

I’ig.A-'.  I'.ncoiinter  in  wliloti  turn  hy  aircraft  2 to  decrease 
closure  rate  reduces  existing  miss  distance. 
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Rule  A.  Figure  A-10  indicates  the  regions  in  which  the  IPC  algorithm  issues 
Rule  A commands  for  which  at  least  one  aircraft  is  turned  in  a way  that 
decreases  the  existing  miss  distance.  This  opposition  may  be  acceptable  if 
the  range  rate  can  be  decreased  to  zero  while  an  acceptable  separation  still 
exists  - in  that  case  the  projected  values  of  miss  are  irrelevant  since  the 
aircraft  never  proceeded  to  that  closest  approach.  However  a less  acceptable 
outcome  can  arise  in  several  way.  If  the  aircraft  is  able  to  obey  the  command 

■k 

to  a limited  extent  only  the  aircraft  may  turn  far  enough  to  drive  the  miss 
to  zero  without  eliminating  the  closure  rate.  In  such  a case  the  command 

has  merely  turned  the  aircraft  to  a collision  course.  Another  consideration  i 

is  closely  related  to  the  observation  that  bearing  changes  by  the  slower 

cannot  always  force  the  locus  through  the  y = + 1 contours.  This  is  equiva-  | 

lent  to  saying  that  in  such  cases  the  slower  aircraft  cannot  force  the  ' 

:] 

closure  rate  to  zero  no  matter  how  far  it  turns.  In  this  situation  the  | 

i 

Rule  A objective  is  unachievable  and  the  effect  of  the  turn  on  miss  distance  j 

is  critical.  i 


The  IPC  concept  requires  that  pilots  obey  commands  to  the  extent  prac- 
ticable if  their  freedom  is  limited  by  factors  such  as  clouds,  etc.  (see 
Section  2.1). 
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PILOT  REPLIES  TO  POST-FLIGHT  QUESTIONNAIRES 

At  the  conclusion  of  the  mission  debriefing  session  each  subject  pilot 
was  asked  to  complete  a questionnaire  summarizing  his  overall  impression  of 
the  IPC  system. 

Pilot  responses  to  questions  asked  on  these  questionnaires  are  tabulated 
below.  Forty-five  completed  questionnaires  were  available  for  analysis.  No 
answers  were  suggested  to  pilots  - only  a blank  space  was  left  for  their  re- 
ply. Thus  the  absence  of  a particular  comment  need  not  imply  that  a pilot 
would  not  agree  with  it,  but  may  mean  that  the  particular  comment  simply  did 
not  occur  to  him.  If  a pilot  listed  more  than  one  item  each  reply  is  tabulated. 

1.  QUESTION:  What  feature  did  you  like  best  about  the  IPC  system? 

a . PWI  - 18  pilots 

b.  Commands  when  traffic  unseen  - 6 pilots 

c.  Levels  of  urgency  (OPWI,  FPWI,  commands)  - 4 pilots 

d.  Threat  altitude  information  inherent  in  above/below/co- 
aititude  PWI  lights  - 3 pilots 

e.  Aural  alarm  - 3 pilots 

f.  Simplicity  - 3 pilots 

g.  Commands  - 3 pilots 

h.  Operational  benefits  - 2 pilots 

1.  Horizontal  commands  - 1 pilot 


J. 


Negative  commands  - 1 pilot 
Unobtrusive  when  not  needed  - 1 pilot 


k. 


1.  Display  location  in  cockpit  - 1 pilot 
The  positive  response  to  PWI  is  striking  (21  responses  under  a and  d) . 

It  sliould  be  noted  that  of  the  9 responses  which  favorably  mentioned  positive 

commands  (b  and  g) , 6 were  specifically  qualified  with  the  condition  "when  , 

traffic  unseen".  I 

i 

2.  QUESTION;  Wliat  features  did  you  like  least  about  the  IPC  system? 

a.  Pilot  acknowledgement  - 8 pilots 

b.  Not  reliable  in  all  situations  (e.g.,  against  non-Mode  C, 
multiple  aircraft)  - 7 pilots 

c.  Ground  assumes  control  of  aircraft  - 5 pilots 

d.  Unnecessary  commands  - 4 pilots 

e.  Insufficient  PWI  information  - A pilots 

f.  Display  brightness  not  proper  - 4 pilots 

g.  Comituinds  when  visual  separation  possible  - 3 pilots 

h.  Encourages  pilot  laxity  and  decreased  vigilance  - 3 pilots 

i.  Commands  on  too  long  - 3 pilots 

j.  Commands  force  pilot  to  lose  sight  of  traffic  - 2 pilots 

k.  Insufficient  aural  alarm  - 2 pilots 

l.  Obtrusive  aural  alarm  - 2 pilots 

m.  Insufficient  PWI  warning  time  - 2 pilots 

n.  Multiple  commands  - 1 pilot 

o.  Difficulty  in  course  recovery  - I pilot 
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p.  Abruptness  - 1 pilot 

q.  Commands  too  early  - 1 pilot 

r.  PWI  lag  - 1 pilot 

s.  Multiple  commands  - 1 pilot 

t.  Anticipated  cost  of  avionics  - 1 pilot 

u.  DABS  light  on  display  was  disturbing  - 1 pilot 

V.  Searching  for  PWI  traffic  approaching  from  rear  - 1 pilot 
w.  Difficulty  of  distinguishing  three  PWI  lights  in  same  sector 
- 1 pilot 

The  annoyance  level  of  the  pilot  acknowledgement  feature  is  reflected 
in  the  8 responses  which  mentioned  this  feature.  Pilot  resistance  to 
commands  when  visual  avoidance  in  adequate  is  a major  factor  in  the  14 
responses  under  c,  d,  g,  and  j. 

3.  QUESTION;  Wliat  improvement,  if  any,  would  you  recommend  be  made 
to  the  IPC  system? 

a.  Change  acknowledgement  feature  - 18  pilots 

b.  Shield  display  from  sun  - 14  pilots 

c.  Provide  range  of  threat  - 9 pilots 

d.  Provide  track  of  threat  - 9 pilots 

e.  Reduce  ambiguity  of  co-altitude  PWI  - 6 pilots 

f.  Make  commands  optional  after  visual  acquisition  - 6 pilots 

g.  Make  the  3 PWI  lights  in  sector  more  distinguishable  - 5 pilot 

h.  Provide  rate  of  closure  - 5 pilots 


B-3 


1.  EHminate  red  "X"  accompanying  positive  command  - 5 pilots 

j.  Provide  manual  control  over  audio  alarm  volume  and/or  display 


f 


I 


brightness  - 5 pilots 

k.  Redesign  display  - 4 pilots 

l.  Provide  read-out  of  relative  bearing  - 3 pilots 

m.  Change  display  location  on  instrument  panel  - 3 pilots 

n.  Eliminate  premature  commands  - 2 pilots 

o.  Provide  information  on  threat's  equipment  - 2 pilots 

p.  Reduce  system  lag  - 2 pilots 

q.  Consider  VFR  rules  of  the  road  in  selecting  commands  - 2 pilots 

r.  Make  system  less  conservative  - 1 pilot 

s.  Relocate  "yes"  button  - 1 pilot 

t.  Make  negative  commands  less  conservative  - 1 pilot 

u.  Provide  more  time  for  pilot  to  resolve  before  commands 
- 1 pilot 

V.  Provide  more  information  on  threat  - 1 pilot 
w.  Provide  information  on  threat  speed  - 1 pilot 
Given  the  pilot's  limited  knowledge  of  the  design  of  the  IPC  system, 
it  is  not  surprising  that  many  suggestions  for  improvements  concerned 
minor  details  of  the  display  hardware  (e.g.,  "shield  display  from  sun"). 

The  desire  for  more  information  on  the  threat  is  evident  in  36  responses 
(c,d,e,h,l,o,v,  and  w) . 
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\PPENDrX  c 


KUcirr-TEST  k:u:oiinter  examples 

Appendix  C contains  ci.ita  from  actual  flight  test  encounters  which 
serve  as  examples  of  particular  phenomena  disi ussed  in  the  text.  This 
Appendix  should  not  be  viewed  as  a statistically  balanced  sample  of  the 
flight  test  data  base.  In  particular,  since  examples  were  usually  chosen 
to  illustrate  algorithm  defects  which  this  report  recommends  be  corrected, 
they  contain  a disproportionate  number  of  resolution  failures.  In  many 
cases  in  which  numerous  examples  of  a particular  phenomena  exist,  only  a 
single  example  wliich  most  clearly  indicates  the  issue  at  hand  was  selected 
for  inclusion  here.  In  some  cases  an  encounter  was  included  because  it 
illustrated  more  than  one  point. 
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IPt  OlGHOITMn  VERSION  : 312  LTRC-3 
REfERENCE  EVENT  POSCND:!  «T  SCAN  SIN 


Right  *<  Climb 


Right  & Descend 


VFR  Subject  pilot 


Command  reversed  after  two  scans 
by  IFR/VFR  logic  (4.7.2).  Subject 
refused  to  follow  reversed  command 
which  would  have  carried  him  toward 
threat. 
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IPC  ALbOOtTHH  VERSION 
rpnH  - <*»i  » CRRV  : 

PR  i-'N  SCRN  S21  SCRR 
P J »RftL*  H to  ; ' 

R!-?  Tfl»c«  • I ro  - ( 


I s 312  LTRC-3 
: 3RR  )l*> 

> : VROO  «10  SCRRH  : RM^  f2I  SCRRV 
I»R 

0R8552  VFR 


2 T5  mrI 

? 81  321» 

2 80  2309 

28?  2192 

2 eb  3b9S 

2 8R  blT3 

2 Tb  ?HT0 

2 65  2T92 

2 51  JR91 

2 32  36 

2 H I92T 

t 92  5U 

1 69  57 

\ 96  352 

1 27  303 

J 10  92 

0 87  52) 

0 77  1057 

0 73  9370 

0 78  )0)9 

0 86  3503 

0 9.,  1)96 

1 03  )769 

I 10  9997 


100  0 *700  07 

90982  6 *700  02 
95759  7 -700  00 
100  0 '699  98 
100  0 *699  98 
100  0 -R99  98 
too  0 -699  91 
198  7 -653  59 
135  7 -62)  00 
130  3 -600  51 
79  9 -593  03 
66  9 -506  03 
93  8 -938  98 
90  3 -397  36 
95  0 -375  96 
57  9 -367  29 
7)  1 -511  60 
-92  9 -662  39 
-99  9 -799  39 
-39  I -999  71 
-39  9-1209  86 
-9)  7-1306  25 
-57  0-1338  39 
•89  5-1329  65 


